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I. Introduction to Fourier Transform Infrared Spectroscopy

Interferometry and Fourier Transform Spectroscopy (FTS)

The great advantage of interferometers comes from the careful
1

mating of very old techniques known to A. Michelson and others in 1887

with the new technology of lasers and computers. The mathematical principle

of Baron Jean Baptiste Fourier, the French mathematician, is applied

to the interpretation of the spectra - therefore the name Fourier Transform

Spectroscopy. Essentially Fourier's theory allows us to treat a complex

sumation of cosine waves (the interferogram) of described intensity and

interprets this data in terms of spectral intensity at a certain frequency.

The theory of Fourier Transform Spectroscopy has been treated in detail by

2,3
others and is now standard; so we have chosen only to outline the

basic details in a qualitative sense.

The Michelson's interferometer consists of two mirrors and a beam

splitter (see Fig. 1). The source radiation (or in some applications the

emission radiation) reaches the beam splitter at a 450 angle. The beam

splitter (BS) passes approximately 50% of the radiation to a moveable

mirror (mm) and the residual radiation is reflected to a fixed mirror (fM).

In the newest instrumentation the moveable mirror is operated rapidly,

cycling approximately every second, on an air bearing. The resulting

reflection from each mirror returns to the beam splitter, where the re-

flection from the moveable mirror (mn) is reflected. The combined waves

continue onto the detector. In the absorption mode the sample cell is

placed before the detector; however, in the emission mode of interest in

some experiments the sample is the source.
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Figure 1. Michelson Interferometer

BS - beam splitter, selected for region of interest,

fm - fixed mirror

ma - moveable mirror

Fig. 1. Diagram of an interferometer

The mirror movement is very accurately measured by a laser impinging

upon the back of the mirror. Through the use of Moir6 fringes generated

using this laser, the position, x, of the mirror can very accurately be

recorded and simultaneously the intensity of radiation, I(x), falling upon

the detector is measured.

I



The Fourier transform provides the relationship between the distance,

x, and intensity I(x) measured in an interferogram and the desired spectral

intensity I(v) at frequency v. The mathematical equation relating I(v) to I(x) is

I(v) f rI(x) cos 2rxvdx (1)

The resolution capability is _-- where Ax represent the path difference and

2Ax is the optical retardation of radiation striking the movable mirror.

FTS has several advantages over dispersive spectroscopy, such as being

able to preform Atomic Spectroscopy and Molecular Spectroscopy on the same

4
instrument, as we propose in this research. Fellgett's original work involved

a large number of spectral elements impinging upon the detector - hence,
I{

the name Fellgett's advantage from this multiplexing of frequencies. The

interferometric signal, S, is directly proportional to the observation time,

1/2T; while the noise, N is proportional to TI . Thus, the signal to noise

ratio is proportional to T1 /2 . For comparison, in a dispersive instrument

each resolution element, M is observed sequentially for an average time T/M.

Thus, the noise is proportional to (TIM)1/2 and the signal-to-noise ratio

1/2 1/2to (T/M) . Thus, an advantage of (M)I/ is realized for the application

of interferometry over the dispersion instrument operated at an equivalent

signal-to-noise ratio. This is quite an advantage since routinely M - 3000

in dispersion spectroscopy compared to M 1 in interferometry!
' 5

Jacquinot's advantage really describes the great throughput ability

of the interferometer to accept a large cross-section of radiation. The

advantage is easily realized if we compare the 50 m circular aperature of

the interferometer, note there are no slits, to the 0.1 mm" slit area of
-1

a dispersion instrument operating at 1 cm resolution. Comparing these

figures, we easily see the throughput advantage of at least 1000 for the

interferometer over the dispersion instrument.



Combining Fellgett's and Jacquinot's advantages with other advantages,

e.g., computer techniques of curve smoothing and averaging spectra, and the

laser ability to very accurately measure the mirror displacement, the resulting

9
advantage of interferometry over dispersive spectroscopy is convervatively 10

in sensitivity or signal-to-noise. It is this advantage that we wish to utilize

for our studies.

The interferometer we used in this work to obtain has a spectral range from
:=-i -i -li

- 10,000 to 10 cm with at least 0.001 cm precision in frequency and to 0.10 cm

resolution, depending on the beam splitter, detectors and source we choose.

1V
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II. A description of Time Resolved Spectroscopy

The basic procedures of Fourier Transform Infrared Time Resolved

Spectroscopy (TRS) have been described previously by R.E. Murphy,
1

23A. Mantz,2 and G. Mamantov. In this section we have chosen

present only a brief overview of this technique.

Time resolved spectroscopy appears to be a potentially useful method

for study of transient intermediates and product buildup for time dependent

systems. The TRS technique involves the coordination of reaction stimulation,

e.g., pulsed laser excitation of gases or stretching and relaxation in polyers,

and the recording of the interferogram at some unit time after stimulation.

In the cases of gases, for versatility the reaction vessel is designed to

allow either emission or absorption studies. Time resolved spectroscopy pro-

vides a very attractive means for the elucidation of the structure of reaction

intermediates and products because this technique provides sufficient data for

examination of the band shapes of materials and deduction of the energy dis-

tributions within the molecules for successive times during reaction.

The fundamental difference between TRS and normal FTIR spectroscopy

is the source characteristics. In TRS the source has been made time

dependent rather than time independent as required for conventional FTIR

spectroscopy. Thus in either emission mode or absorption mode, the source

intensity has the time dependence of the spectrum of the species created by

the stimulation. Figure 1 illustrates a possible energy buildup in a

gaseous molecule system after laser stimulation.

One possible assumption is that the intensity at any time tN after the

stimulation is always reproducibly measured. To obtain an interferogram

using this assumption for any time, tN, all that is necessary is an intensity



file, I(x), composed of each mirror position at the time tN after stimulation.

At the completion of the experine7. the file will contain the total interfero-

gram at tim=, t. This file can be collected by the coordination of the

mirror positions to a time - say t5 - after the stimulation; here the He-Ne

laser of the interferometer is used as a clock. The clock counts the number

of zero crossings and after the correct number of crossings has occurred, the

source is stimulated by a pulse sent from the controlling computer. The

same clock is used to open the detector gate when the number of crossings is

equal to time interval N which will be five for our example. After collection

of these points in the interferogram, the laser flash start is shifted one

zero crossing to the right and the above process is repeated until an intensity

sample, I(x), is obtained for each mirror position, x. This is illustrated

in Fig. 2.

Since TRS is most useful for kinetic studies it would be advantageous to

collect data for several time intervals after the stimulation event. This

can be done by performing several of the above experiments; however, a more

efficient method is available. Every zero crossing after the stimulation

event represents a time related position where it is possible to open up the

detector gate and record the intensity at some time, t., where N is the

number of zero crossings after the stimulation event. With adequate storage

capabilities, this can be done for as many times, t, as there are zero

crossings between stimulation events. The final problem which remains when

one uses TRS is the manipulation of the accumulated data into separate files

for each tN. The I(x) values for all x at each of the times tN must be

separated from those of the other times, t.: and finally placed in order according

to x value or increasing optical retardation in the file for each t,. The

computer software to do this is available; however, it can severely tax the

memory and storage capacity of some aborator- computers.



Once enough data has been collected to adequately describe the interferogram

of the transient species, i.e., enough points to satisfy resolution and wavelength

range requirements, the Fourier transform of the points can be taken using the

equation

- 2 f I(x ) cos 27v xdx (2)

where x is the mirror displacement. The Fourier transform now provides the infra-

red spectrum of the reactive system at t after stimulation.
N

At this point it would appear that the goal has been reached but Mamantov

et al., have pointed out some serious practical limitations. They have shown

that the interpretation of the data from a TRS experiment is, unfortunately, not

as straightforward as it would appear. The problems occur when the theory makes

certain assumptions which are not true in practice. The most obvious of these

assumptions is that the source is exactly reproducible. In the conventional

* FTIR experiment that isn't a bad assumption, but the close timing that makes the

TRS experiment possible places abnormally. high reproducibility and accuracy

limits on the source.

One of the first problems with the source is its stimulation interval. The

flash stimulation interval chosen must consider the reacting compounds since

their products are the true source of radiation for operating the interferometer.

The stimulation interval must be long enough for one of two things to happen.

First, the stimulation interval must be long enough so that the excited species

relax back to the initial reactants or long enough so that they are swept out

of the optical path by a flow system, i.e., the same flow system which introduces

the reactants, before the next stimulation occurs. If this is not done, the

interferometer will detect the remnants of this previous stimulation along with the

products from the next stimulacion. The results of RS analysis and spectral

interpretation of this mixture from different stimulations can be disastrous, see



Ref. 3. If such a mixture does occur, it is very difficult to interpret

the spectra obtained.

A second problem involving the source is in the timing of the stimulation

pulses. The laser pulse must be stable enough that it will flash at the same time

after the trigger pulse, with the same duration, and with the same intensity.

If the stimulation interval is not constant, the entire timing scheme

collapses and the results are useless. In the TRS experiment the detector gate

will still open at the same time period after the trigger pulse (400 ,sec is

a reasonable time after trigger) and the computer will make no compensation nor

does it have any way to correct the signal for the change with respect to the

stimulationeventin the time period when the detector gate is open. The net

effect is a broadening of the time period represented from 400 usec to 400 .sec

plus the detectQr gate to 400 usec to 400 ,sec pluz the pulse accuracy.

Another problem occurs when the duration of the stimulation is variable,

for the distributtion curve of the species in their excited states will change.

The same thing happens when the source intensity is variable, although the

distribution curve will probably look different than from the one for stimulation

duration. The net effect of both is the same. The light source appears

variable to the interferometer which is exactly the reason we cannot run a

normal TRS study of a time dependent system. The distortion in the spectrum from

the changing intensity has been documented by Mamantov et al., Ref. 3 for systems

of changing concentration. The distortion causes false absorption and/or

emission peaks in the transformed spectrum. This phenomenon is always observed

in systems which have changing intensity or flash stimulation duration variation.

A final problem lies in the physical design of the optical path. Simpl'y

because the detector gate is opened at some time after the stimulation, there

is no assurance that the resulting data is from that stimulation interval only.



7 For example, if the reaction occurs in a flowing system as we propose here,

it is very probable that the species representing the time period of interest

has been swept down the tube and out of the optical path. of course, this

can be easily corrected by placing the observation point at the correct distance

from the stimulation device. This correction applies only to some distinct

time period, tas determined by the flow rate. Thus any other information

about another time period, t., will be inaccurate. In other words, all advantages

from being able to monitor several different time periods are lost.

Additional complications are introduced by the interferometer if it is

unstable. Much of the instability can be removed by the application of isothermal

conditions within all components in the optical path.

In summary. TRS has some possible pitfalls, some we now know while others

lie ahead. But most important, the field of TRS holds a significant potential

for the understanding of transient intermediates. We are most encouraged

by the experiment we have concluded with TRS which were supported by AFOSR and

wish to apply this technique to further studies.

Further we have been studying polymer films undergoing stretching and re-

laxation. The result from these studies are very encouraging and are reported

in section IV. We feel TRS is now a reality and much new structural information

will be won from studies on nonequilibriun systems.
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Continuation of Caption for Fig. 2

A. is a plot of zero crossings by the He-Ne laser showing intensity

as a function of optical retardation and time.

B. is a plot of two complete and one fractional stimulation intervals

and the resulting source intensity as a function of optical

retardation and time with time numbered with 1 corresponding to

the start of a new stimulation interval.

C. is a plot of one fractional, two complete and one fractional stimulation

interval and the resulting source intensity as a function of optical

retardation and time with time numbered with 1 corresponding to

the starc of a new stimulation interval.

NIote the optical retardation scale is the same in both B and C but the

stimulation interval is moved one zero crossing or 628 nm of optical

retardation to the right along the optical retardation scale. Thus

the N-n5 file (5 zero crossings after the start of a new stimulation

interval) is mioved from the optical retardation position corresponding

to 5 in A for experiment B to the optical retardation position corres-

ponding to 6 in A for experiment C.
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III. Some Optimizing Conditions for Time Resolved Spectroscopy

The instrumental parameters necessary to collect high quality infrared

spectra by Fourier transform interferometry have been adequately described in

the recent literature; however, many of the operational parameters necessary
1

for time resolved studies have not been reported. Relationships are discussed

here between number of data points, undersampling ratio, resolution, spectral

region limits, data files needed, and flash periods, or in the case of polymers,

stretching periods. The necessary equations relacing instrument parameters which

must be optimized to obtain good spectra are presented.

First, in the description of time resolved spectroscopy (TRS) trading rules

and their maximization, it is necessary to describe certain terms. These ab-

breviations may differ for various instruments; however, the definition of the

terms will remain the same. For example RES means resolution for most com-

mercial instruments. The following terms were used in our past experiments.

Terms

NPT - number of data points

UDR - undersampling ratio; 1,2,3.. .etc.

-l
RES - resolution, cm

RNG - free spectral range

NTD --number of files to do

FPD - stimulation period

SEP - time separation of interferogram

FF1 - stimulation increment



"Trading Rules"

The fundamental difference between TRS and normal FTIR is the time dependence

of the intensity in addition to the normal frequency dependence of

intensity. To change a time dependent source into a time independent source

the technique of strobing is used. In fact a more proper name of this

technique would be Stroboscopic Interferometry. The interferometer's detector

is strobed allowing only the light of one particular time t for a specificn

width in time to reach the detector. This make the source appear quasi time

independent and allows the FTIR collection to proceed normally.

If t and the time width were the only experimental parameters necessaryn

for the TRS experiments, experimentation would be very simple. However, this

is only the initial parameter from a group of some fairly complex instrumental

conditions which must be described for successful experiments. In addition

to the instrumental parameter, the chemistry of the sample can play an important

role in the choice of experimental parameters.

The initial interest for setting the instrumental parameters is directed

to the chemical system to determine the reaction period which will capture

important portions of the chemical reaction immediately following laser or

ultraviolet stimulation. We note at this point that similar consideration is

given to the frequency of stretching certain polymer films and the situation

is analogous. The reactiou period is not the rate at which the excitation

source (e.g. pulsed laser, uv lamp, mechanical deformation, etc) can be reproducibly

cycled; rather reaction period is the time which it takes the sample to be dis-

olaced from equilibrium and either fully recover and return to its original equilibrium

condition; or, in the case of decomposition, go to another equilibrium configura-

tion. If the sample does not recover from excitation (destructive photol-sis,

the breaking of polymers, etc) the reaction period must '.e equal to the time



necessary to remove the old sample and replace it with an identical new sample.

If this does not occur the technique is invalidated. 
2

While at this point it seems desirable to make the reaction period quite

long from the viewpoint of the sample other experimental parameters require

that the reaction period be as rapid as possible. The number of files to do

(NTD) becomes prohibitively large as the stimulation period becomes longer. Rule

number one gives the exact relation.

Rule #1 MMD - FPD
FF1

where NTD is the number of files to do

FPD is the reaction period

FF1 is the stimulation increment

The problem with having a large numer of files to do (NTD) is basically

a data problem. As the number grows larger not only are there more files to

save, requiring more disk space, but there are also more files to sort through

when the computer is creating the time resolved files. The time required for

this sort is relatively short (on the order of minutes) for small numbers to do

(NTD) like 8 or 10, but it reaches several hours for 100 files and it essentially

takes days for larger numbers.

One last reaction period consideration is the total time required for the

experiment.- As the reaction period becomes longer, naturally more time is used

not only in collecting the files, but also for switching between the files. All

of this adds up to more chemical reagents necessary to flow through the system.

This can become very expensive. Another consideration is that the longer the

experiment runs, the more likely that the source stability or interferometer

stability will degrade leading to non-reproducible results and invalidating the

IRS technique.



The next difficult choice for the instrumental parameters would be the

proper undersampling ratio (UDR). The spectral folding properties of the under-
2

sampling ratio are well known. This relationship is shown by Rule 42.

Rule #2 NG 15800.8
UDRI

-i

where RUNG is the free spectral region and 15800.8 cm is the Ne

reference laser in air. UDR I is the undersampling ratio

initially

Due to this effect most normal FTIR experiments are done at UDR=2. One finds

in the time resolved experiment there is much more importance attached to the

UDR value.

For example the UDR determines the time separation for each of the files.

Here one finds it is important to minimize the value of UDR. Rule number three

demonstrates this effect.

Rule #3 SEP = UDR I x lOops

where SEP is the time separation of interferogram and loous is the

time separating the Reference laser fringes

Directly competing with rule number three is the effect the undersampling ratio,

UDR, has on the total number of data points (NPT) as shown in rule number 4.

Rule #4 NPT -2 x 15800.8
(UDR )(RES)

where NPT is the number of data points

UDRI is the undersampling ratio initially

RES is the resolution

The total number of points represents the number of times the transient effect

is repeated. There are several reasons that make it desirable to minimize

this number; and, hence, maximize the UDR. The most obvious reason is that if

the sample can only undergo a set number of excitations before being degraded,



that number cannot be exceeded and should not even be closely approached. A

related factor which must be considered is the coaddition advantage when one

wishes to achieve a higher signal to noise. For every v-increase in the

signal to noise the number of points taken doubles. This can very rapidly

place sample perturbations in the thousands to hundred thousands. The time

necessary to perform the experiment becomes very important in this consideration.

If these were the only two competing UDR effects the choice would be fairly

simple, but the UDR also controls the free spectra range. Not only is the

spectra range limited to that shown in Rule #2, but the frequency of the

initial and final points are also fixed by the relationship which modifies

Rule 2.

Rule #2a

Frequency of the first point =15800.8 x 2N
UDR

Rule #2b

15800.8
Frequency of the last point UDR x (2N + 1)

where N is any integer. This results in some desired spectral ranges becoming

ursable since they fold in the data over the end points.

One final complication is the value for the stimulation increment, FFI, or in

other words the offset staggering of the strobes to the mirror positions. On

the Digilab instrument, FFI is equal to the UDR which sometimes places an

additional strain on experimental parameters. The stimulation increment does not

theoretically have to be equal to the initial undersampling ratio, but it must

be equal to the final undersampling ratio, UDR, of the sorted time files as

shown by Rule number 5.

Rule #5

UDELRF - FFI

where UDR, is the final undersampling ratio



If FFI is independent of UDR I , then there is a simple tradeoff between the spectral

folding and the number to do, NTD, as shown in rules number one and five. When

FFI - UDR I all of the rules given depend upon the UDR chosen.

With all of the prejudices being placed upon the values of the same experi-

mental parameters it is important to resolve the problem of experimental conditions

in a common sense manner. The following choices must be made and the logic for

each decision is discussed in terms of gains and losses.

The first choice must be the chemical system to be observed. While this

is generally dictated by the research program, the experimentalist should keep

in mind that the more reproducible the effect the fewer sample perturbations

will be required to give spectra without strobiscopic aliasing of spectra.

The experiments should be in a realistic time frame with the expected output data.

Time separations of lOOus are fairly easily obtained, but data faster than that

is difficult to do and requires the researcher to place extraordinary attention

on reproducibilities and the large amount of signal averaging. Resolution is

related to several variable parameters and can be any value desired; however,

systems with low resolutions provide the best time periods for the experiment.

The same argument goes for the free spectral region one wishes to study. Reaction

systems with smaller spectral ranges will yield better results and reflect

smaller and more identifiable noise.
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IV. Some Preliminary Time Resolved Results

To elucidate the changes in molecular structure of polypropylene film

during stretching and relaxation, we chose to use Time Resolved Fourier

Transform Infrared Spectroscopy. The films were stretched and relaxed at

10 hertz cycles in the direction parallel to the C-axis of the polypropylene

helix.* The percentage stretches were approximately 5%. To interrogate

the nonequilibrium molecular structure, the infrared spectrum was collected

over a 10 microsecond time interval every 10 milliseconds. The results are

shown in Figures la, lb, 2a, 2b, 3a and 3b. The spectra indicate some vi-

brational frequencies change only in intensity while other vibrations change

in frequency and intensity.

There is no apparent frequency shifts in the spectra shown in Figures la,

ib, 2a and 2b because these vibrations represent local modes in polypropylene

which one would expect not to be sensitive to elongation. However, there

are intensity changes in those absorptions (see Figures la and ib), which

represent molecular modes which are sensitive to changes in crystallinity

in polypropylene. The main spectral frequency change comes from the CH, groups

which form the helix. These frequencies both shift and change intensity,

note especially Figures 3a and 3b. The following co a-lusions could be reached:

a) There are vibrational frequencies originating from local modes

which are unaffected by stresses which change the helix's dimensions.

b) Those vibrations of CH2 groups in the helix demonstrate non-

equilibrium structural changes in the microsecond time scale.

c) Some intensity changes can be interpreted as increases or decreases

in crystallinity.

*The polypropylene films and x-ray characterizatins were provided by

Dr. John Rabolt, DMB, San Jose, California.



In this experiment the Digilab Model 296 interferometer was used. The

TRS unit provided by DigilaP as undergone numerous electronic modifications

which were necessary for satisfactory experimentation operation. A globar in-

frared source, typical of those used so successfully by Perkin Elmer Instru-

ment for twenty years, was placed so as to illuminate the polymer film. The

polymer film was stretched by a modified solenoid taken from an automobile

starter. The stretching-relaxation, which is approximately 10 hertz, is

controlled by the time clock of the interferometer. The infrared spectra

are collected for 10 microseconds before stretching begins, then the structure

is interrogated for 10 microseconds at periods of 10 milliseconds, 20 milli-

seconds during stretching and 30 milliseconds and 40 milliseconds during

relaxation. The complete experimental details of the application of time

resolved spectrscopy is the subject of a paper which is now in preparation.

A mercury-cadmium-telluride detector was used with a CaF 2 beam splitter.

A summary of this study and the time periods involved is given in Table 1.

-l
The 3000 cm region was investigated but the polymer films were too

opaque in this region. Now new films have arrived which are thin enough to

-i
allow observation in the 3000 cm carbon-hydrogen stretching region. The

-1
region below 1300 cm was inaccessible because of the CaF 2 beam splitter

used in this experiment.* Future experiments will employ KBr beam splitters

and different optical filters.

*The instrument is shared with Professor Setser and his work demands this

beam splitter region.



Table 1

The time periods and spectral range used in this experiment

A. Stretching Cycle

-l
Time Period* Region, cm Figure

0 1500-1400 la, curve #1

1400-1300 2a, curve #1

1325-1275 3a, curve #1

10 ms 1500-1400 la, curve #2

1400-1300 2a, curve #2

1325-1275 3a, curve #2

20 ms 1500-1400 la, curve #3

1400-1300 2a, curve #3

1325-1275 3a, curve #3

B. Relaxation Cycle

30 ms 1500-1400 lb, curve #4

1400-1300 2b, curve #4

1325-1275 3b, curve #4

40 ms 1500-1400 lb, curve #5

1400-1300 2b, curve #5

1325-1275 3b, curve #5

*Time period measured from the initiation of the stretching



Figure Captions

-i-
Figure Ia. Infrared spectrum from 1500 to 1400 cm of polypropylene film

during stretching. Curve No. 1 is the 10 microsec spectrum taken

before stretching. Curve No. 2 is the 10 microsec spectrum at 10

millisec after film stretching began. Curve No. 3 is the 10

microsec spectrum at 20 millisec after stretching began. The

stretching frequency is approximately 10 hertz.

-1
Figure lb. The infrared spectrum from 1500 to 1400 cm of polypropylene

film during relaxation. No. 3 is a repeat of the same spectrum

as shown in Fig. lb. Curve No. 4 is taken during film relaxation

approximately at 30 millisec after the initiation of stretching.

Curve No. 5 is again during relaxation approximately at 40 millisec

after the initiation of stretching.

Figure 2a. The infrared spectrum from 1400 to 1300 cm- I of polypropylene film

during stretching. Time periods for curves 1, 2 and 3 are defined

in Figure la.

-1
Figure 2b. The infrared spectrum from 1400 to 1300 cm of polypropylene film

during relaxation. Time .period for curves 3, 4 and 5 are defined

in Figure lb.

-l
Figure 3a. The infrared spectrum for 1325 to 1275 cm of polypropylene film during

stretching. The presentation has been expanded to better evaluate

the spectra. Time periods of curves 1, 2 and 3 are defined in

Figure la.
-7

Figure 3b. The infrared spectrum from 1325 to 1275 cm I of polypropylene film

during relaxation. The scale is the same as in Figure 3a. Time

period of 3, 4 and 5 are defined in Figure lb.
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In summary, it is apparent that we are observing the infrared spectrum

of the polymer under non-equilibrium condition of stretching and relaxation.

Further studies of polyethylene, and polytetrafluoroethylene show similar spectral

effects. Additional research is needed to elucidate the polymer structure

at nonequilibrium condition. The most important study has not yet been

performed. We wish to stretch-relax the polymer films until failure of the

polymer film occurs, i.e., the polymer film breaks. We will then analyze

the spectra of the polymer during stress past prior failure in an effort to

identify what molecular changes occur. We feel this information will be

very important in understanding polymer structural failure.

a1
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In Preparation:

Due to the large amount of descriptions, discussion and data, we have chosen

to publish the results from TRS in a chapter now under preparation. The Editor,

Professor J. R. Durig, has scheduled this chapter to be published in the summer of

1981.

B. Seminars and Talks

Invited Lectures on TRS by R. M. Hammaker and W. G. Fatelev

Foreign invitations to lecture on this subject

1. England

2. Germany

3. France

4. Italy

Future Lectures, Fall 1981

1. Japan

2. Korea

United States

1. St. Louis, SAS and ACS

2. Pittsburgh, JSP

3. Union Carbide, South Charlestown, W. VA

4. Oklahoma State

5. Pittsburgh Conference

6. MASUA Speaker

7. NBS



VI. Summarv

Although this report represents a period of one year it actually summarizes

the total period of research sponsored by the Air Force, Office of Scientific

Research. This grant provided support to (1) develope time resolved infrared

interferometry, and (2) demonstrate the use of time resolved sDectroscopy on

chemical systems. Both of these goals have been accomplished.

The research reported herein demonstrates the excellent application of time

resolved spectroscopy to dynamic conditions in polymers. Certainly the next

extension of this research will be to the structure of polymers just prior to

polymer failure. We feel this technique will be a very excellent diagnostic

tool to the better understanding of polymer failure under stress.

We greatly appreciate the Air Force, Office of Scientific Research's support

and the tremendous help, cooperation, encouragement, and understanding of Mr.

Denton Elliot during this research period.

------------------------------------
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Chapter

A. Time Resolved Spectroscopy*

D. E. Honigs, R. M. hammaker and W. G. Fateley

Department of Chemistry
Kansas State University
Manhattan, Kansas 66506

The basic procedures of Fourier Transform Infrared Time Resolved Spectro-

1
scopy (TRS) have been described previously by R. E. Murphy, A. Mantz, and G.

3
Mamantov. In this chapter we have chosen to present only a brief overview

of this technique.

Time resolved spectroscopy appears to be a potentially useful method for

study of intermediates and products of gas phase reactions. The TRS technique

involves the coordination of reaction stimulation, e.g. pulsed flash photolyses,

laser excitation, or some other periodic reaction initiating techniques, and

the recording of the interferogram at some unit time after stimulation. For

versatility the reaction vessel may be designed to allow either emission or

absorption studies. Time resolved spectroscopy provides a very attractive means

for the elucidation of the structure of reaction intermediates and products

because this technique may provide sufficient data for examination of the band

shapes of materials and deduction of the energy distributions within the molecules.

The fundamental difference between TRS and normal FTIR spectroscopy is the

source characteristics. The source in this discussion may be the emission spectrum

from the species created by the stimulation or a time independent source modulated

by the absorption spectrum of the species created by the stimulation. In either

case the source has been made time dependent rather than time independent as

required for conventional FTIR spectroscopy. Thus in either emission mode or

absorption mode, the source intensity has the time dependence of the spectrum

of the species created by the stimulation.

Work Sponsored by AFOSR, Grant No. AFOSR 78-3617

D. E. HonLgs, R. M. Hammaker and W. G. Fatelev, "Analivical Applicacions of FT-IR

to Molecular and Biological Systems", Preceedings of the NATO Advanced Stud- In-

stitute, Florence, Italy, 1980, Editor, J. R. Durig. A. Reidel Publ. Co., 1980.



Fig. 1 illustrates a possible energy build up in a iiolecular system after

stimulation. One assumption is that the intensity at any time tN after the

stimulation is always reproducibly measured. To obtain an interferogram using

this assumption for any time t, all that is necessary is an intensity file,

I(X), composed of each mirror position at time t N after stimulation. At the

completion of the experiment the file will contain the total interferogram at

time t N* This file can be collected by the coordination of the mirror positions

to a time - say t 5 - after the stimulation; here the He-Ne laser of the inter-

ferometer is used as a clock. The clock counts the number of zero crossings

and after the correct number of crossings has occurred, the source is stimulated

by a pulse sent from the controlling computer. The same clock is used to open

the detector gate when the number of crossings is equal to time interval N which

will be five for our example. After collection of these points in the interfer-

ogram, the flash start is shifted one zero crossings to the right and the above

process is repeated until an intensity sample, I(X), is obtained for each mirror

position, X. This is illustrated in Fig. 2.

Since TRS is most useful for kinetic studies, it would be advantageous to

collect data for several time intervals after the stimulation event. This can

be done by performing several of the above experiments; however, a more efficient

method is available. Every zero crossing after the stimulation event represents

a time related position where it is possible to open up the detector gate and

record the intensity at some time, t Ns where N is the number of zero crossings after

the stimulation event. With adequate storage capabilities, this can be done fce:

as many times, t Ns as there are zero crossings between stimulation events. The

final problem which remains when one uses TRS is the manipulation of the accumulated

data into separate files for each t N The I(X) values for all X at each of the

times t Nmust be separated from those of the other times, t. and finally placed

in order according to X value or increasing optical retardation in the file for each

t,~ The computer software to do this is available; however, it can severely tax



the memory and storage capacity of some laboratory computers.

Once enough data has been collected to adequately describe the interferogram

of the transient species i.e., enough points to satisfy resolution and wavelength

range requirements, the Fourier transform of the points can be taken using the

equation
SOv) = 21 I(X tN) cos 27rv XdX

where X is the maximum mirror displacement

The Fourier transform now provides the infrared spectrum of the reactive

system at t N after stimulation.

At this point it would appear that the goal has been reached but Mamantov

et a!., 3have pointed out some serious practical limitations. They have shown

that the interpretation of the data from a TRS experiment is, unfortunately,

not as straightforward as it would appear. The problems occur when the theory4

makes certain assumptions which are not true in practice. The most obvious

of these assumptions is that the source is exactly reproducible. In the

conventional FTIR experiment this isn't a bad assumption, but the close timing

that makes the TRS experiment possible places abnormally high reproducibility and

accuracy limits on the source.

One of the first problems with the source is its stimulation interval. The

flash stimulation interval chosen must consider the reacting compounds since '

their products are the true source of radiation for operating the interferometer.

The stimulation interval must be long enough for one and, hopefully, two things

to happen. First, the stimulation interval must be long enough so that the

excited species are swept out of the optical path by a flow system before the

next stimulation occurs. If this is not done, the interferometer will detect

the remnants of this previous stimulation along with the products fromr the next

stimulation. The results of TRS analysis and spectral interpretation of this

mixture from different stimulations can be disastrous, see ref. 3. If such a

mixture does occur, it is not possible to interpret the spectra obtained.



( A second problem involving the source is in the timing of the stimulation

pulses. The electrical pulse or flash device muust be stable enough that it

will flash at the same time after the trigger pulse, with the same duration,

(and with the same intensity.

If the stimulation interval is not constant, the entire timing scheme

Icollapses and the results are useless. In the TRS experiment the detector

gate will still open at the sime time period after the trigger pulse (400

Pisec is a reasonable time after trigger) and the computer will make no

compensation nor does it have any way to correct the signal for the change

with respect to the stimulation event in the time period when the detector

Igate is open. The net effect is a broadening of the time period represented

jfrom 400 Psec to 400 psec plus the detector gate to 400 isec to 400 psec plus

the pulse accuracy.

Another problem occurs when the duration of the stimulation is variable,

for the distribution curve of the species in their excited states will change.

IThe same thing happens when the source intensity is variable, although the
distribution curve will probably look different than from the one for stimulation

duration. The net effect of both is the same. The light source appears variable

to the interferometer which is exactly the reason we cannot run a normal FTIR

study of a time dependent system. The distortion in the spectrum from the

I changing intensity has been documented by Mamantov et al ref. 3 for systems

jof changing concentration. The distortion causes false absorption and emission

peaks to be plotted to the spectrum shows both absorption and emission spectra

components. This phenomenon is also what occurs for systems of changing intensity

n or flash stimulation duration.

I A final problem lies in the physical design of the optical path. Simply

because the detector gate is opened at some time after the stimulation, there

is no assurance that the resulting data is from that stimulation interval only.



For example, if the reaction occurs in a flowing system, it is very probable

thtthe species representing the time period of interest has been swept down

the tube and out of the optical path. Of course, this can be easily corrected

4 by placing the observation pjint at the correct distance from the stimulation

device. This correction applies only to some distinct time period, tN as

determined by the flow rate. Thus any other information about another time

period, t., will be inaccurate. In other words, all advantages from being

able to monitor several different time periods are lost.

Additional complications are introduced by the interferometer if it is

unstable. Much of the instability can be removed by the application of

isothermal conditions within all components in the optical path.

On balance, TRS has many possible pitfalls. Some have been located. Even

more probably lie ahead. The field of TRS holds a significant potential, but

at this time any time resolved spectra must be interpreted with the utmost caution

and skepticism.
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Introduction

Since the mid 1950's many papers have appeared emphasizing substantial

advantages of interferometry over dispersive spectroscopy. 'While it is

generally recognized that these advantages are aualitatively correct, the mag-

nitudes of these advantages are still subject to great debate.

In the beginning it was apparent that with the excitement of the "new"

form of spectroscopy, the rational behind many of these arguments was clouded

and that the total advantage of intarferometry might not be as great as first

anticipated.

In this chapter we wish to review the advantages and disadvantages of inter-

ferometry and attempt to quantify them to the greatest extent possible.

I. Discussion

Let us use a simple optical system for an interferometer with an infrared

light source inclined at an angle 9 with respect to the optical axis strikine a

collimator at an angle y, the differential throughput may be w-ritten as:

dE - (cosGdas) (cos(dA c )/r 
()

where: dA = area of the source
s

dA - area of the collimator
c

r - distance between source and collimator

~/

The solid angle subtended by the source can be ,ritten as follows:

du cos~dA /r
5
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and the projected area can be expressed as:

dA- cos-ydA (3)
c

Therefore, eq(l) can be rewritten as:

dE = dadA (4)

E I) 2A (41)

Assuming a finite source size, the optical path difference between the two

arms of a MX-chelson interferometer is

A \os20 -l)(14cosO)-2)f + (secC-I)L + 2dcosO (5)

where:

f = focal length of collimating mirror

L - distance from source to fixed mirror

d - distance from fixed to movable mirror (which is equal to the

spatial displacement).

The first two terms in eq. (5) are of different sign and are very small as

compared to the third term. Thus, they tend to cancel in most cases leaving the

approxima t ion

A= 2dcose (6)

If the source is considered to be a point, i.e. -=0, then ea.(5) des-

scibing the optical path difference between the two arms of an interferometer

reduces to

ap- 2d (7)

It is this deviation of A from lo which leads to a frequency spread, ref. ,

2 which is

S 2/2-r (S)
msax

where 7 the highest wavenumber in the spectrum.
max
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Substituting eq. (8) into eq.(4') we obtain the relation for the throughput of a

Michelson Interferometer:

I -E-27rA AV (9

max

I
where A - area of collimating mirror in the Interferometer Superscript ! will

designate interferometry and D will indicate dispersive spectroscopy in our

comparison.

For a dispersive spectrometer the solid angle may be written as

D
nD  hw (10)

f2

where: h slit height

w - slit width

f = focal length of collimator

since:

(dO)

and m

d(sini + sin®) (12)

The angular dispersion of the grating becomes

dO= m (13)

d 7dcos0

and the solid angle becomes

a hm (14)

fdcosO

where m - order of the grating

d - the distance between the lines of the grating.

Substituting eq.(14) and eq.(3) into eq.( 4 ') we obtain for the throughput

of a dispersive spectrometer

) D -I
E -hmA A,

f - --2 (13)

m , .... . . .. . . I i iiN . . . .. .. i. . . .. .. . ,u V.
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A. Jacquinot Advantage

In 1954 Pierre Jacquinot recognized the throughput advantage of the

interferometer over dispersive instruments and the ratio E I/ED is now usually termed

"Jacquinot's advantage", ref. 3, 4,

Using eq.(9) and eq.(5) we obtain an equation for Jac-uinot's advantage.

I D 1-
E /E = 2-rfd A V (16)G -- -(6

hm A V
max

Substituting approximate values for the constants in ec.(16) one obtains

E o.075 (17)-U"
E max

It should be noted that gratings are normally changed several times during

a complete scan of the mid-IR region and therefore d can be a function of the

frequencies, as d=d(7). Since the value of d increases stepwise with decreasing

frequency the value El/ Dmay be thought of as being "slightly less than cuadratic"

in frequency.

It should also be noted that Jacquinot's advantage is a measure of the amount

of radiation striking the detector. Thus, this advantage is most important when the

munt of radiation is minimal, e.g. such as the measurement of weak emissions,

or at high resolution interferometric studies.

3. Fellgett's Advantage

If one measures a spectrum of width 6v at a resolution Lv the number of

spectral elements is:

M - (18)

in a dispersive instrument the time devoted to each spectral element is

therefore T/M where 7 equals the total active time of the scan. The total active

time of data ac'-uisizion may be considered to be the total time during which the

sample was being irradiated.
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Fourier Transform Interferometry has become a useful tool in infrared

spectroscopy. These instruments require very exacting optics and mechanical

alignments which necessitate micrometer accuracy in mirror alignments and the

exacting measurement of mirror displacement. Because of these required low

tolerances interferometers are very expensive and require constant calibration.

For the past 15 years Hadamard Transform Spectroscopy (HTS) has

offered us a very unique and promising technique for spectral observation.

This HTS spectrometer shares the high throughput and multiplexing advantages

of the Michelson interferometer. But, the Hadamard transform spectrometer

has distinct advantages: 1) Mechanical tolerances on the oder of milli-

meters are required, i.e. three orders of magnitude higher than an inter-

ferometer. 2) The higher tolerances mean lower cost in production and less

maintenance. 3) Any conventional dispersive spectrometer can be converted

to a Hadamard transform spectrometer quite easily if a minicomputer and a

slot system are available. This type of conversion can reduce the cost of

this instrumentation even more. 4) The transforms for creating spectra data

from the encoded slot data are much simpler for HTS. Computer time is

drastically reduced for HTS over that for Fourier transform spectrometry;

thus simple computers can be used.

Yates, in 1935, ref. 1, described how error levels could be reduced

by weighing items as a group rather than individually. it is amazing that

even today with the use of computers this simple form of multiplexing has

not become a widely used tool for infrared spectroscopy.

To demonstrate HTS, Sloane and Harwit have used systems of weighing:

we shall utilize this method as well. By weighing different combina-

tions of several objects of unknown mass, the error in measuring an

individual object mass can be reduced, ref. 2, 3. For example, suppose
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we were to weigh four objects with masses m -) )n, m3 and m, on a double

pan balance. (There are still one or two around in the archives of our

laboratories.) For the first measurement we might place all four objects

on the right pan and record the mass. Next we could place two objects on

the right pan and two on the left, and so on in different combinations.

By weighing four different combinations of the objects we could easily

deduce the masses of the individual objects.

If the objects are weighed separately, the best estimates (:) of the

masses of any one object will be the actual mass of that object plus the

error associated with the weighing of that object -the measured mass (M' ,.

MI~ I m el M3 = m 3 m 3 +  e 3
1~~ N~n+1 i 3  m3  C 3

M2 2 urn.,m + e, = m4 = m m, + e,

If it is a-sumed that the error is random with a mean value of

2
zero and variance , then the average variances of the above mentioned

objects will be

2 2 2 2 o 2
1 1 1 (1n 2) 2

When all four objects are weighed simultaneously the average error

due to the balance and weighing procedure is going to be the same as when

the objects are weighed individually.

" m l +  
2  '3 m4 I el

M2 1 1 + m2 3 - 4 + e2

M3 n1 - m2  m3 + M4 + e3

M4 ml - M2 + m3 m4 + %

The masses of the objects can be determined by solving four

simultaneous equations for each Lmknown.

M1 + M" + M3 + M\ .4m, + 0 + 0 -0 + (eI e,_ + e 3 ea)
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The best estimate is:

4 1 3 4 e e 3

Since the variance of a sum of independent variables is the sum of

the variances, the variances of the best estimate A (and of ' 3 ) is
3

1 2 1 2 1 2 1 2 1 2
S +-e +e + 

16 2l 16 1) 7 3 'l6'4 4

Using just a eisngle pan balance, the following weighing scheme could

be effectively used:

M, mI + m3 + m 4 + e1

M2 m- + m 2  + e2

3 - 1 3 + e3

M4  mI  +m+ e414 4

Solving for a,:

M + M 3 + M4 - MI = 3m + el + e + e - e and
2 3 4 11 2 3 4 1

1 1
i (M2 + M3 + M4 -M) m + - (e2 + e3 + e - e

4 2
The variance for i, then, is 9 . Similarly the variancesof

72
2 3 and :a are
2 3 4

By weighing the objects in groups rather than individual!7, the

errors for the estimated masses are reduced. Varying the combinations

of objects being weighed and not weighed, as in the single pan balance,

reduced the errors to 4,:/9. Combinations of sums and differences of

the objects' masses, as in the double pan balance, reduce the error even

further to 1/4 1 2 (from J for individual weighings of the objects).

The various position patterns (i.e. position on the right or left

pan of the balance) used in the weighing of the objects are called

weighing designs. These weighing designs can reduce :he error in any

group of measurements.
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An absorption spectrophotometer measures the number of photons (i.e.

intensity of radiation) of a certain wavelength light that are not absorbed

by a particular sample. Since a quantity is being measured, the use of

weighing designs becomes useful in redtcing the error (which includes

the noise) L spectrophotometric absorption measurements. The afore-

mentioned "objects" correspond to wavelengths of light and the masses

correspond to the number of photons passing through the sample and

counted by a detector.

It is apparent that by using weighing designs, the error (or noise

level in spectroscopy) could be reduced drastically. Error reduction

becomes very important in infrared absorption spectroscopy for situations

where the intensity of light is low. Subsequently, in the situation

of limited intensity the sensitivity is low and the noise is proportionately

higher than other spectroscopic regions. In these energy limited systems

the most significant source of noise is the detector; thus, the error is

independent of the signal applied.

The necessary conditions for applying weighing designs to infrared

spectroscopy (and for that matter any spectroscopic technique) are:

1) The light must be separated into its component wavelengths, and 2) these com-

ponents must be either transmitted, reflected and gathered as a negative contributicn

to the signal or, more simply, they must be blocked by some means. T-he

first condition presents no problems. Dispersive gratings separate light

into their various component wavelengths quite effectively. The

technology in making dispersive spectrometers has been quite wei

developed and these spectrometers can be modified to do Hadamar! :ransfor

spectroscopy.
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The second criterion for HTS can be obtained by creating a

series of masks (number masks - number slots) containing slots that can

be either opaque or transparent. These masks would be placed in the

light beam's path and thus allow certain wavelengths of light to enter

while blocking other wavelengths. A weighing would thus be created

quite analogous to the case of weighing objects on a single pan

balance; the objects (or wavelengths of light) are either detected

or not detected.

Another type of mask might be a mask that either lets light through

or reflects it to a different detector;one detector's signal is then sub-

tracted from the other's, creating a situa-4 nzomoarable to weighing objects

on a double pan balance. The errors can be reduced much more drastically

using a reflectance mask, but implementation of this kind of system might

be extremely difficult.

Instrument:

The Hadamard Transform spectrometer is basically a dispersive spectro-

meter with an encoding mask at the entrance slit and/or exit slit of the

instrument, ref. 2. The basic componenrt are a radiation source,

an optical separator to separate the light into components wavelengths,

the encoding mask, a detector, and a decoder to assimilate the data,

see Fig. 1.

The optical separator could be any device such as a grating or

prism that spatially separates the incident radiation into its optical

components.

The slotted mask encodes the signal accor,.ing :.o some weighing

design by either absorbing, reflecting or transmitn.' the signal.
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The encoder need be nothing more complicated than a digital

computer.

The basic parts of three different spectrometers are shown in

figure 2. The first spectrometer in this figure is a classic dispersive

spectrometer with a narrow slit at both the entrance and exit. The

middle design in this figure is a Fadamard Transform spectrometer with

one narrow entrance slit and a mask of some weighing design used at the

former position of the exit slit. The bottom drawing in figure 2 has

a mask substituted in place of both the entrance and exit slits.

HTS requires as many measurements made as there are slots. For

example, if a mask has 255 slots, then 255 measurements must be made.

Weighing Designs:

As can be imagined, a large number of weighing designs can he

used to encode radiation of different spectral wavelengths. However,

different weighing designs result in different error magnitudes. The

choice of which design to use depends on which design gives the minimum

error.

The Hadamard matrices (i.e., -1 or +1 elements) will give the minimum

error in HTS. For weighing designs using +1 and 0 elements, the so-called

S-matrix gives the minimum error for ETS. (Other weighing designs do

exist and these will be indicated later.) See Appendix 1 for a discussion

of these different matrices.

Sloane, et. al., ref. 4, provide a verj elegant discussion on how to

evaluate a weighing design. Most of :he derivation given below will

follow their description.



-7--

In Hadamard Transform Spectroscopy a light source is spatially

dispersed into N channels. Each channel, 4, of light has an average

energy integrated over a specific time, a.. The channels of lightJ

are either measured (+1), reflected (-1) or blocked (0) out simul-

taneously according to a weighing design, Wi., where Wi = (wil wi2. . .. .

wiN) which is the i-- vector of weight. Thus, the total energy measured

through a mask (weighing design) is the sumation of the individual

channel energies which have been allowed to pass through that mask,

N
Z we In this summation wi. is the individual channel (j) weight

for mask Wi. The mask weights are assumed to satisfy wij < 1 and

correspond to attentuation. The photodetector adds a random noise, ni ,

which gives a final measurement:

N
E. = n + Z w.. e., i = 1, 2 .......

i j=l i3 3

A few assumptions must be made. (Note < > stands for ensemble

averages.)

1) <ni> = 0, the overall average for the noise is zero.

2) ni is independent of the signal

3) <n i2> = 2

4) successive measurements are uncorrelated (<n.n.> = 0 if i # j)
A 3 '
<e> = e. The estimated value of the channel energy, if

averaged over many readings, will be the actual channel energy.

Assumption number 3, above, says the ensemble mean square of :he noise

is the same for all measurements. This corresponds to integrating over

equal time for those measurements, ref. 5. If the noise is due to the

detector only, and if it is independent of size of signal (this assumes

linear behavior of the photodetector); then, when averaging over man,;



measurements, the mean square error will depend dieCt.. 3n :he :ie

duration the detector takes to make the indivi.ual obser.-aticn.

To estimate the energies, e., one needs 3- least as many :ea~renerzs3

(M) (i.e. one mask per measurement) as there are unknowns N 5, ref.

The observations are: E - eW + n where Z - (, E, ... - , the

observations; e = (e, e, ...- N ) the channel en-rgies; i ...

matrix of masks and; n (nI, n ) noise (7 stands for transpcse.)

An estimate e of e is a function of the observation, e(-) lying zlose

to e. The accuracy of the estimate can be tested by minimizing the nean
e A

., T
square error: £ = <(e-e)(e-e) >.

Now, set the estimated value of the channel energies, e, to be a

linear function of the observations, E,

e , EM

for some matrix M.

Minimizing e = <(e-e)(e-e)

<e> a <EM> =<E>M..b ... .

<E> = ew + <n> = eW

<e> = eWM
A

T T) -1 -b

M W (-• .1ubstituting for e and e",

WMMI

so, .-

, nW-  if M - N

mr w fM V at M > N
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7he A-opt.z-al "ei hirg ies-. r. =:n:mzes - r c, :

A D-opti4aI we n.h ng .ges i .a. ma x s ..e a: -. f d e

D-':pt'ma' tv essentially =nImIzes :he ':je regiotn whiz' :-.e

est~zate, e, .s exect oe:eunj.

B-optimaLiltv .max--mzes the smalest szgen'ae

These me:hods r:r tndi.. he est -wein. :es:n zo not aa

agree. A-optimali:v see-s ta be the bes- me!_hod ass ning the indiivdual

mean square errors are about equal. The best weighing design can De

:ound b-: applying one or more of the opti.alit:; criteria to tha: design.

Weighing designs and their cnaracteristics are gi.ver 4n Table I.

Hotelling5 has shown that for any cnoice o -.ask 'S' w.. < l,

the are bounded by -- (-/N), and tnat ':t is possible to have
i

-i (2-N) for all i =, ! N if and cni>; if a Hadaiard .trix

of order N exists, ref. 6.

The Htdamard matrix will orovide the best "eihin design for

reduction of a.oise. This matrix and two other matrices will be considered

in more detail. it is interesting to note that other matrices in Table 1

have not found much use in Hadamard Transform spectroscopv, therefore only

a mention of these matrices is given here.

A Hadamard matrix is an N x N matrix of -'3 and -I's tonstructec

in such a way that,

T• H T 
- NT see ret. .

. ..
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H can be normalized by multiplying the proper rows and columns by -1 to

obtain +I's in the first row and column, ref. 3 and Appendix I of this

chapter. J I 1 .

IL

If N > 4, and k and I are two distinct rows of H then (excluding

the first row),

row k has +1 and row 1 has +1 in N/4 places

+ ... -! ...

. ... - ...

and N must be a multiple of 4.

The dot product of any two rows of this matrix is zero and thus the

matrix is orthogonal.

If one of the following conditions is satisfied, .then G can be

constructed as a cyclic matrix - a matrix where the (i +!)-h row can be

th
obtained by shifting the i-h row one space to the right or left. Here

the G matrix has N-1 rows and columns.

1) N - p + 1, p is a prime number

2) N - p (p + 2) + 1, p and (p 2) are prime

3) N - 2m

For example: _ -

G -I 1.
-1 "-4 Ill



row k row =I-1

For more cyclic matrices, G, the reader is referred to the literature,

references 7, 8 and 9.

The third choice for W is S, which can be generated from G by replacing

+I's with O's and -l's with +I's, see Apendix 1.

N/4 i #j

row k row = N/ j

N /2 ij

By taking the trace (W (W T)iisfudre.4:

Matrix w trace (/ 2)

H 
T

GT 2 -2N

ST 4 - 8/N + 4/N2

Experimental:

The S-weighing designed mask utilizing 0 or I cyclic elements is the

most practical and easiest mask to design. Experimentally, zero denotes an

opaque slot in the mask, +1 denotes a transparent slot and -1 denotes a

reflecting slot. The experiment is greatly simplified by the fact that

only 2N-! slots are needed in one mask to record Hadamard Transform

Spectroscopy if a cyclic weighing design is used. Thus, one can stepwise

move a mask across an entrance or exit slit and record the intensity of

radiation impunging upon the detector for each sce of the mask. We refer

the reader to Figure 3 which demonstrates this stepping effect.

In practice the signal must be dispersed. Since noise increases

by the square-root of the detector surface area, a small size detector

is essential, ref. 5. 3y refocusing :he radiation back through the zptics.
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the light can be focused to an area approximately the same size as the

entrance slit, ref. 10. A typical arrangement used to accomplish this

in Hadamard Transform Spectrometry is shown in Figure 4 from ref. i.

Of course, if an entrance mask has the same nutber of slots as the exift

mask, refocusing is not necessary since the entrance and exit slits will

then be the same size.

In Figure 4, the light is passed through the entrance aperature

to the grating. The dispersed radiation from the grating is directed to a

collimating. mirror h .flemirror reflects the radiation onto the mask. The

encoded light beam is then returned by the same path through the dispersive

optics and focussed at the entrance focal plane, ref. 11. In Decker's

spectrometer, the entrance slit was slightly below the optical axis, so the

returning exit signal was slightly above the optical plane to allow simple

detection. The signal was detected by a 1.0 mm square lead sulfide detector.

Of course, the detector will vary depending on the region of the infrared

spectrum used in the experiment.

Decker used an S matrix as a weighing design, a 5"0 slot (2N-l)
255 C

mask. The entering beam passes through a single narrow sit which is .185anm

high. Decker found the signal to noise (S/N) ratio to be 39.i1. Using

identical optics as the Hadamard Transform Spectrometer, but using a

monochromator instead of the weighing design mask, the S/N was onl 7

\4.764. The Hadamard Transform Spectrometer increased the S/N

by a factor of 8.0612 + 0.3110 over that of a conventional mono-

chromator. The increase in S/N ratio was very close to the theoretical

increase of a factor of 8.01567.
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An instrument utilizing an S20 4 7 weighing design mask (4093 slots)

created problems in calculating a S/N ratio. Decker reported just before

termination of his experiments that he could not measure any detectable

noise when any signal, no matter how small, was detectable in the

spectrometer's output, ref. 12.

Harwit, et. a!., tested an instrument with a S exit mask (n)
255

and a S15 entrance (m) mask, ref. 10. In this experiment Harwit used

only (n + m-1) measurements. The exit mask was used in n/m positions and the

entrance mask was stepped through its m positions for each n/m exit mask

2
position, ref. 10. Theoretically, one can expect z/: to equal 161!-t-l.

Improvement over a single slot entrance, $255 mask exit spectrometer was shown

to increase the S/N by 4.31 (computer simulation). The theoretical limi:

is 4.26. Assuming the RIS noise to be 0.2 times the peak to peak noise

height, the signal to noise ratio was about 40 for the 1.7 ;m mercury line

measured, ref. 10 and 11. A S509 mask entrance and S255 mask exit instrument

performed with S/N of about 70. These results were not significantly better

than Decker's single slit entrance, S255 exit mask instrument (S/N = 40),

for the factor of 4.26 was not realized in this experiment. Since the

dispersive spectrometers used were not the same, differences in the design

of the instruments could explain this lack of improvement.

If nm measurements are made, one can expect da 2 to equal 22.2/n

16 if m >> n). In an experinent utilizing 19 slot exit and entrance

masks, the mean square noise was found to be 4.2 times higher for 37(n + m-')

measurments than for 361 (nm) measurements, ref. 13.

Spectral Imaging, inc., using a configuration w¢ith a S,-- exit and S1,

entrance mask, claims "a figure of merit" for their instrument
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over 120 times that of an equivalent scanning-monochromator spectrometer

and up to about 30 times that of commercially-available interferometer

spectrometers of equal resolution and spectral multiplexing, ref. 14.

"Figure of merit" was defined as:

EzRLN1/2A -1/2 <z DRd: % k 1k

where R X/IX - v/Av is the resolution

L is the "etendu" " nA /ZR for HIT or grating spectrometer

2TrA./R for Michelson FTS

is the degree of spectral multiplexing = number of slots for HTS

i number of entrance slots of HTS

Ad  detector area

A = grating area8

AM = Michelson's entrance aperature area

focal length for a grating instrument
si height

< F_ = average over the wavelength range for the product of detector

detectivity times the net of filter, grating, beam splitter

etc., efficiency.

E /E % 1/2 n N~I/2
HTS monochromator 1

HTs/Michelson interferometer (n/24Z)(As/AM)(e g/e bs

- grating efficiencyg

Ebs = beam splitter efficiency

It was somewhat disappointing that no experimental data was given

to support the theoretical claims made by Spectral !maging, inc.

Other experimental instruments utili:p. weight designs of S, to S
-3 255

14

for entrance masks and 5 to 04 it masks. t is 4 narestIng
31i 14

to note the resolution was lower than 3.1 cm - in some of these instrunents.

Ranges of spectral bands were from 4 to 16 u depending on opticai
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configuration. Disappointing to us was the fact that no experimental

data demonstrating S/N advantages and resolution of these spectrometers

were given in these references.

Doubly Multiplexed Spectrometers:

The Michelson interferometer has demonstrated a unique advantage

over conventional grating spectrometers. A large part of this

advantage is due to the very high throughput of an interferometer

(Jacquinot's advantage) and multiplexing (Fellegett's advantage),

ref. 16.

If high throughput can be added to the advantage of using polychromatic

light (Fellgett's advantage), a Hadamard Transform spectrometer should

show a similar increase in S/N ratios. To utilize Jacquinot's advantage

in Hadamard transform spectroscopy, an entrance mask can be used in

addition to an exit mask. For the S-matrix weighing design HTS should

increase the throughput to about one half that of an interferometer.

Using Hadamard matrices the throughput of HTS should approximate that of

a Michelson interferometer, ref. 16.

In practice an S mask is typically placed in the entrance of a

dispersive grating spectrometer equipped with an S exit mask. For

each position of the exit mask, the entrance mask is stepped through its

m positions. The total number of measurements can be reduced from -M

measurements to (n + m-l) measurements.

If the experiments use a) n - m = N, b) N observations and c) SN -

matrix weighing designs, then the mean square error, ' (22.2!N)c,

reference 16. Compare this mean square error with the mean square error

Na for a single slot entrance and exit spec:rometer and the mean square

error of (2-(2/(N + !)}"z for a spectrometer with a single slot entrance
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slit which utilizes an, 5 -matrix exit mask, ref. 16. The results predict
N

for large N, a dobubly multiplexed instrument will theoretically

reduce noise by a substantial factor.

Error:

The error analysis in our previous discussion has assumed that the

only errors are those associated with the detector. Of course, other

errors can result from the optics and masks of the instruments. Tai, et. al.,

using an S 25 5 masks, found spurious negative bands appearing at higher and

lower energies compared to the principle band. Tai was able to partially

explain the effect when he simulated too wide and too narrow opaque mask

slots. His conclusion was that the opaque slots were too wide.

Tai, et. al. analyzed the case where an opaque slot is too wide

(i.e., when the transmitting slot is too narrow), and found the optical

effect will give a spectrum of (1-e, e/2, 0 ... 0, -s/2, -c/2, 0 ... 0, E:/2);

for slots too narrow the spectrum will be (1-s, --12, 228 O's, e/2, E/2,

22 O's, e/2). For any S-matrix mask, there will always be four equal

intensity peaks in addition to the main peak. Along with the spurious

bands, a spectrum will show a peak on either side of the main peak, causing

a broadening appearance.

Other errors may result from distortion, aberations, and diffraction

caused by the slots of an instrument, mask position and mask movement. In

a typical Hadamard Transform spectrometer, radiation that should pass through

a certain slot will frequently spread onto other mask positions on the detector.

Here T represents the Transfer matrix and it is the matrix describing the

radiation distribution that results from light passing through a sloc, ref. 13.
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The matrix elements of'.T correspond to the proportional intensity inpining

on a certain slot position of a specific detector measurement.

W, as before, is the weighinR design matrix.

The detector readings, E, of measurements i from a Hadamard transform

spectrometer are

E = TW e + n
~T

where E (eo, l 1 .... ni)

e (e., e . n )T

-& T
n (no , n ... n n-) ref. 18.

In a conventional monochromator

E T e +n

The results of all the incident radiation not falling in the same

slot position after passing through the slot are artificially broadened

spectral lines and increased noise,

If there were no distortion of light through a slot position then

T would be the identity matrix. The mean square errors for the instruments

would be those mentioned previously under weighing designs. For simplicity

in our discussion we will assume that the singal appears only in the first

slot position.

If the slot is sufficiently wide to eliminate diffraction, the intensity

of radiation detected will be triangular shaped with the maximum at the

mid point of the slot profile (slit function). The base will appear twice

as wide as the slot and symmetric about the slot position (Figure 5a). The

errors discussed in ref. 13 arising from the above constraints are:

4 1%

T --
6 0 "
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2

Conventional monochromator: 25 Na 2

Hadamard transform spectrometer (S exit mask) s 13.86 a

HTS with quality matrix (S exit mask) 4- 4-8/N + 4/Ni, N is large

Multiplexing decreases the error by N/4.

A very narrow slot resulting in full defraction gives the slot function

shown in Figure 5b, ref. 18.

The first row of T is (0.6667; 0.1482, 0.0080, 0.0031,

0.0017, 0.0031, 0.0080, 0.1482) (note T is a cyclic matrix).

The errors are:

Conventional monochromator: e = 2.93 Na2

Hadamard transform spectrometer (S-exit mask) 
E = 11.74a 2

Again multiplexing decreases the error by N/4. This decrease in error

2
is general for all T-matrices. Also, for any (0,1)-matrix W, s < 10.34 a 2

N large, ref. 18.

The matrices T give an indication of the noise and line broadening.

For example, the larger in number and size of the off-diagonal terms, the

larger the error.

If the slot mask is not aligned properly behind the blocking mask,

broadening and increased noise results in a Fadamard Transform spectro-

photometer.

T is an asymmetric circulant with first row:

1/6 (4-G 52 + 33 (1_) 3, 0 ... 0, 5 , 1 + 3 36 2-36 3

A slight error in slot width compared to stepping size over a

large number of step positions can result Ln broadening and increased

noise, ref. 18.
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3 3 2 3
The ith row of T is 1/6[0, ... 0, (i) 3  I + 3ia) , 4-6(1-) + 3(il)

(1-.) 3 , 0 ... 0; 4-6(i-) 2 + 3(il) 3 is on the main diagonal, the

initial position is assumed to be correct and the final position is

off by nA.

A continuously moving mask causes a pronounced increase in broadening

over a stepped mask with the first row of T being:

1

384 (230, 76, 1, 00, ... 0, 0, 1, 76) ref. 18.

To reduce broadening, T must be incorporated into the solving of the

spectral intensities. The best estimate of the ei s are:

e = W- I T-1 E

The transfer matrix T, must be determined for the specific instrument

being used.



Imagers:

As mentioned earlier only (n + =-I) measurements are needed to

develope a spectrum from a doubly encoded Hadamard Transform SDectrometer.

But mn different measurements made from mn linear independent weighing

designs could be taken (note the error analyzed for n measurement (22.2/n) and

that analyzed for n + m-i measurements (16/n+!) described previously

in this text). The extra measurements can provide one-dimensional spatial

information (i.e. the IR spectra at different distances across a source).

However, this increase in spatial information can be obtained only at the

cost of signal to noise ratios.

In general, each dimension added to a mask allows one to obtain

another parameter, ref. 19. Thus, using a two-dimensional entrance-mask

and a one dimensional exit mask (Figure 6), spectral information in two

dimensions is obtained. With two two-dimensional masks, an additional

parameter could be resolved (e.g. polarization data).

A typical imager is shown in Figure 7, ref. 2. Swift, et. al., used

an imaging spectrometer to obtain a cathode ray display of the 3.06

to 6.33 ,an spectral region of the CO2 emission of a flame, ref. 20. The

source of the CO2 emission was clearly displayed.

Hadamard Transform imaging Spectrometers show great promise in collecting

spectral data from surfaces. Spectral data from the earth's surface (such

as infrared detection) in relation to its regional proximity is one

obvious example for satellite applications.
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Conclusion

Hadamard Transform Spectroscopy has some very nice applications in the

detection of infrared radiation, especially for two dimension survey spectra.

HTS incorporates both Fellgett's and Jacuinots advantages whiCh are so

useful in today's Fourier Transform Spectroscopy. The comparison of HTS

to FTIR finds HTS within the same order of magnitude for performance, although

much development is needed in experimental technology and weighting function

for HTS. The most dramatic and possibly the most important advantage of

HTS over FTIR is the reduced cost of a Hadamard Transform Spectrometer.

Three factors combine to reduce the price of a Hadamard Transform

Spectrometer to one third that of a Fourier Transform interferometer:

1) HTS requires tolerence in the millimeter range while FTIR tolerance

are in the micrometer region or less.

2) Computer time is an order of magnitude less for HTS.

3) Most dispersive spectrometers can be converted to a Hadamard Transform

Spectrometer by substituting slotted masks in place of the slit systems.

In addition, less sophisticated computers and software are needed in HTS.

For example, the He-Ne laser signals used to track the mirror in FT!R are not

necessary in HTS. The Cannes effect is still realized in HTS since the mask

will measure individual frequencies with great precision and allow substraction

and spectral stripping technique which are now so important to spectroscopists

applying FTIR techniques. The minimization of moving parts makes HTS a viable

instrument for situationswhere vibrations are present, i.e. air craft and

satellite surveillance.

Hadamard Transform Spectroscopy does lack the full advantages realized by

FTIR in the far infrared region. Here interference from the mask zan be a

very serious problem.

Possibly the greatest potential for HTS will be the two dimensional

spectral survey of a surface. Here specific chemical ident.fication can be
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monitored in two dimensional space. This two dimensional monitoring can

be very useful for systems as small as flames to pollution monitoring by

aircraft surveillance over cities. Certainly of great interest wculd be

the mapping of earth resources and the acquisition of meterologizal data.

Hadamard Transform Spectroscopy represents a ver-i unique and

potentially useful tool for analytical zhemistry.
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Appendix I. The Generation of the H, G and S matrices

There are two convenient methods for generating weig-hing design matrices.

First, previous literature describes the construction of cyclic S-matrices

which do not have length N = 2n-i (e.g. N = 4t-', where N is a prime number;

N = p (p + 2) where p and p-' 2 are both prime numbers), ref. 4 and 21.

However, if the matrix does not have to be cyclic, construction of a

H-matrix is quite straightforward. All H-matrices have the relation

Hl Hi

H2iH= i H

For example, ref. 21:

H1 = I-

F2  H1 
I1 1,

H4 = i l 1 -i1 I

H2  H2
-

H -H
2 21-l- 1

H8 :I 1-1--1 1- -

I--- - - -i i i- - -- --

1- 1- 1l -1 -- 1-

11-1-1 11 -1 1 1-1

and so on.

A G matrix can be constructed from this H-matrix by dleleting the first

row and first column, which in this case are positive Is.

fhe S-matrix can be obtained from the G-m.at ix by the following

substitution, ref. 22. All elements which are +1! are replaced by 0, all

elements that are -1 are replaced by -1. 7f this same substitution

is made on the H-matrix, the resulting arrangement is the 3-matrix.
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A cyclic S-matrix can be constructed using primitive polynomials

(modulo 2) for the N=2n-I order matrix, ref. 5. To do this let e

eN_, be the ordered elements of the first row of S.

P n(X) n + a n_ Xn - ! + ... +a is a primitive polvnominal of

-degree n. There is an excellent list of the polynomials of n degree

in ref. 4, table 2 and we shall not repeat these here. The first n elements

of a row can be chosen arbitrarily, as long as the row is not all zero
n-l

elements. The other elements of the row are generated from e 7tan i=O

aie M i [0_ 
< m < (N-n-l)]. The terms are added by modulo 2 ignoring

carries, i.e., 1 + 1 = 0, 1 + 0 = 1, 0 + 1 = 1, 0 + 0 = 0.

For example, suppose N 23-1 = 7. A primitive polynomial of degree 3

is P3(X) = X
3 + X + 1 and a= 1, a, = and a2 = 0 (ref. 5).

Choosing e = el = e2 = 1, the first n = 3 terms, then

e3 ae ale I + a+2e 2 =1 + ! + 0 =0

e4 -aoe I + a el + a2e3  1 + 1 + 0 0

e5 =aoe2 + ale3 + a2e 4  1 + 0 + 0 =1

e6  a oe3 + aaee4 + ae= 0 + 0 + 0 0

The elements of the first row of the S-matrix can also be produced

using a shift register, ref. 17. A shift register for p = 1 + X + X4

is shown in Figure 8, ref. 17.
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3

Figure 8. Her, the box,5l is the delay element which holds a zero or a

positive one. The quartered circle, e is a modulo 2 addition.

The shift register will go through 2 n- states before rapeating.

nA n x (2 -1) matrix is created quite conveniently and the first row

can be used as the first row of a cyclic S-matrix. Subsequent rows of the

S-matrix are produced by cycling the'previous row one space to the right

or left. Reversing a previous process for generalizing an S-matrix from a

G-matrix; if the elements of the S-matrix which are zer- are replaced by

positive ones and the, positive ones'are replaced by negati'e ones, the

G-matrix is created from the S-matrix. if this is followed by the addition

of a first row and a first coluin of elements which are all -i, the H-matrLx

is generated.
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Appendix II: FAST HADAMARD TRANSFOR M A
The individual spectral energies are found by: e = W E. Therefore

-1 - -. 1
we need matrix W and E. E is the vector of measurements. The inverse

of the weighing design, W- , can be found by the following steps. The

inverse of an S-matrix can be determined by first taking the transpose of

this S-matrix, ref. 5. Second, the substitution of the fraction 2/(N+I)

is made for each +1 and -2/(N+l) for each zero in the transposed S-matrix.

However, if S is a left cyclic matrix (i.e. the ith row is produced by

shifting the previous row one space to the left), then the matrix S is

its own transpose and the aforementioned transpose operation is not necessary.

S- can be written as a product of (2/N+1) and a matrix of +1's and

-l's.

To find e, it follows that (N 2-N) additions or subtractions are required

by straightforward zatrix multiplication.

Now, if N equals 2n- and the weighing design, S, is generated

using a primitive polynomial (mode 2) of degree n, the number of steps

needed to determine e can be reduced to (N+l)log2 (N+l), ref. 5. This

shorter method utilizes the fast Hadamard transform (FHT). Even

though the Hadamard matrix multiplication performed by the FHT does not

use the correct matrix, the FHT matrix is related to the correct matrix

by two permutations.

The FRT algorithm, as presented by Nelson and Fredman, is a very

useful technique, ref. 5. In FHT the following steps are used.

1) The N Hadamard measurements, E, are permuted by the permutation

I" To the permuted measurement vector, E , one need only add a zero to

the front of the vector. This gives E K
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A'A

2) The FHT is performed on E, giving a vector denoted as S

3) The first element of S is deleted. The permutation, w2 P is

then applied to the remaining vector, forming L

4) The vector, L , obtained in step 3 is then normalized (each

element divided by -[(N+1)/2]), resulting in the spectral intensity

vector.

Before the algorithm mentioned above can be performed, the

permutations, 7 and -?, must be determined. The permutations are

discussed below.

First, the generation of the permutations of 1 are described.

1) Let W 1= the first n rows of the transpose of

matrix W = ( .
jj

2) Set 7 1(j) = Z where Z is the integer expressed in binary notation

by the sequence a .n.(n.) -' a.j" The value of the Zth element

of the permuted measurement vector is set equal to the value of the 4th

element of the original measurement vector, E.

The permutations of 72 are generated in the following manner.

1) Let W be the transpose of W w ij}.
thth WT

2) Let R be the matrix whose Zt- column is the j-- column of P

where 7l(J) = 2.

3) Let P . It Pl e the matrix where the 3 column is the
(2-) th- column ofR.

4) Set r 2(k) = Z, where k is the integer expressed in binary nota-

th
tion by the sequence pznPZn_!) ... PZ1" The value of the Z11 element

A h
of the permuted vector,-t, is set equal to the value of :he kx element

of the original vector.
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Finally, the FHT algorithm which is compatible with the aforementioned

permutations is presented.

1) Let [F(O), ... , F(N)] be the vector to be transformed. For all

possible n-tuples (,n 1 
1In-21 .... '0), set

( n-I •

(U ,l'Pn-2' . u ) , F(Z 2%u.).
J=O J

2) For 1 < j < n, set

A A
F j ( ,p. U1 . . ) = Fj ( n -1 2 .. . . i ., 0 , U ,-2 ')' oj ( n- i .j -1 (,,1 . ... J-2 ... ' oo

3) Set

n-i 2

T(m) Fn (i_ .... , o ), where m = -iJ=O
[T(o), ... , T(N)] is then the Hadamard transform of [F(0), .... F(N)].

.. .. . .. .. . . . . .. .. ..II ... . J ll . ..... ... .. ..... .. III II~ 1F . . .. .. " . . . '" -... . .. . . - . ...
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FIGURE CAPTIONS

Figure 1 -- Components used in Hadamard Transform Spectroscopv. The dotted

lines indicate additional components necessar7 when an encoding

mask utilizing reflecting and transparent slots is used instead

of an encoding mask made of opaque and transparent slots.

Figure 2 -- Block diagrams of three spectrometers. The top spectrometer is

a conventional monoachromator. The middle spectrometer is a

singly encoded Hadamard Transform Spectrometer and the bottom

spectrometer is a doubly encoded Hadamard transform spectrometer.

Figure 3 - A 2N-l = 13 slot mask is stepped across a blocking mask, allo'qing

seven linearly independent seven channel weighing designs to be

illuminated by the incident radiation. A measurement of the light

intensity is made at each of the seven different mask positions.

AnS 7 weighing design matrix is thus created.

Figure 4 -- Optics of a typical singly encoded Hadamard Transform Spectrometer.

Figure 5 -- Slit functions of a) a sufficiently wide slot to eliminate all

diffraction and b) a narrow slit resulting in full diffraction.

Figure 6 -- Components of a doubly encoded Hadamard Spectrometric Imager. The

two-dimensional entrance encoding mask and one-dimensional exit

encoding mask allow spectral data in two-dimensions to be observred.

Figure 7 -- Optics of a Hadamard Spectrometric :mager.
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Raman Studies of the Adduct Structure of CL and Br2
with Piaselenole

J. J. BLAHA,* W. BRITIAINt C. E. MELOAN, and W. G. FATELEY*
Department of Chemistry, Kansas State University, Manhattan, Kansas 66506

The affinity of 2,1,3-benzoselenadiazole. commonly called piase- gen molecules. Not only does this provide a very simple
lenole, for chlorine and bromine molecules has been known for technique for removal of C12 and Br2 molecules, but it
a long time. Raman spectroscopy provides a very interesting also allows us to reclaim the halogen gases which are
method for determining the molecular structure of these 1:1 precipitated as the adduct during the scrubbing process.
adducts. The Raman spectrum shows the CI and Br, molecules The adduct is easily decomposed to halogen gas and
In the adduct remain as a dimer molecule. piaselenole by the addition of water.
Index Headinp: Raman spectroscopy; Structure analysis; Matrix Piaselenole is known to have a planar, orthoquinoid
isolation. structure, which undergoes a quaternarization reaction

with alkyl halides.2" This compound has been proven to
INTRODUCTION be a valuable reagent in trace analyses.' Our attention

was directed to this unique molecule because of theThe interest in the structure of the 1:1 adduct between severity in conditions necessary to chlorinate the six
piaselenole and chlorine or bromine molecules arises member ring of piaselenole. We assumed chlorination of
from the desire to remove these halogens from air piaselenole would easily occur with the addition of chlo-
streams. Previously both C12 and Br2 were removed by rine gas; however, a yellow material was recovered that
an oxidation-reduction reaction, but this is a very time- did not show aromatic ring chlorination. Additional in-
consuming process.' Recently piaselenole has been used vestigation shows the same conditions necessary for the
as a scrubbing agent to form an adduct with these halo- chlorination of benzene, i.e., chlorine gas, iron filings, and

reflux at elevated temperatures, were necessary for thechlorination of piaselenole.'
Received 16 March 1960. clrion of pasge tedl

* Present address: National Bureau of Standards, WashingtonDC. Earlier workers had suggested that the yelow material
t Undergraduate resarch project. which resulted from the simple addition of chlorine gas

Research sponsored by Air Force, Office of Scientific Research, 78- to piaselenole might be an adduct, but little proof was
3617. given for this conclusion.'"
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We wish to present the Raman spectral data which when free chlorine gas is present. The color change
show that the halogen remains as a dimeric molecules in signals the completion of the piaselenole-chlorine adduct
these 1:1 mole ratio adducts with piaselenole. formation. A second solution of piaselenole was titrated

with a 0.25% by weight bromine solution. The complete
L. EXPERMNAL formation of the bromine adduct was detected by the

The piaselenole was prepared by mixing aqueous so- characteristic red color of excess bromine. The stoichem-
lutions of orthophenylenediamine dichloride with an ex- istry for both chlorine and bromine was a 1:1 mole ratio
cess of selenium dioxide. The precipitate formed is char- with the piaselenole. A word of warning, both adducts
acterized by white needle crystals having a melting point can be destroyed by the addition of an excess of the
range of 74-76°C. The infrared spectrum was also used halogen gas. In addition, adduct decomposition was also
to identify the compound as piaselenole. observed from exposure to light and storage of solid

The Raman spectra were obtained by conventional samples at room temperatures.
techniques using the 514.5-nm excitation line of the argon The adduct precipitate is characterized by long needles
ion laser. The Raman scattering was observed at a 900 colored yellow and yellow-orange for the chlorine and
angle to the impinging laser beam. bromine adducts, respectively. The adducts were pro-

The Raman spectra were obtained using two different tected by immersion in the solvent and storage at 00C.
sampling techniques: (1) samples sealed in capillary The addition of water to these adducs yield the pure
tubes, and (2) pellets which were rotated in the laser white piaselenole solid and the halogen dissolved in or
beam. The rotation of the pellet sample in the laser beam released from the water.
eliminated the opportunity for the sample to be decom-
posed by the impinging laser radiation. II. RESULTS AND DISCUSSION

The piaselenole was dissolved in a solvent and the Since both chlorine and bromine molecules are horn-
chlorine gas was bubbled into this solution at a slow flow onuclear, Raman spectroscopy is the obvious choice for
rate, approximately 1.5 ml/s, through a glass fit. Methyl thear, of anese ctsopyause the ho vibraieor
orange was used as a visual indicator for the reaction end ahe study of these adducts because the halogen vibrations
point. The methyl orange bleaches to a colorless solution are Raman active and infrared inactive." The Raman

_TABLE 1. Frequency assignments for piaselenole and the chlo-
fine and bromine adducts (values in cm-').'

Piaselenole CI. adduct Br. adduct
o,2 a4.c, 22S 22 S 22 S

38S :38S 3S
51 VS 51 V8 51 VSf 74 VS 74 VS 74 VS

159 W 158 W 1.5 W
173 W 172 W 172 W

286"W
Br. vibration 289M.o 2 :3 W

353 W 352 W 352 W
C12 .1..c. 381 M 381 M :380W

487 W 487 W 486 W
497W 4983W 497W

I 507W

r 521S
554S 354S 5565
675 W 674 W 676 W
711W 710W 711W
748S 748 W 7 0w
801 W 800W 801 W

.. 899 W 896 W 895 W
962 W 980 W 983 W
1; !134 W 1130 W 113:3W
1144 W 1142 W 1145W
1223 W 1= . W 125 IV*
1240 W 1239 W 1243 W

I-1288M 1'286 W 1289 W
I 1341 M FmI W 131) M

1347M 1347 W .14 M
a 1352 W 1350 W 11.52 W

, 1437 VS 1435 S 1437 S
000 :' 1476 W 1476 W 1475 W

Fio. 1. Raman spectra of piaselonol. and associated halogen adducts. 1486 W 14PA W 14Rq W
Top: bromine adduct. Sample on rotating platform: Laser, 514.5 nm; 1496 W 14% W 1494 W
bean. -2 nm at samp4e; spectral slit width. J cm 1, tune constant, 1.0 1510 M 1.508 W 1511 W

sew rate. 0.83 cm-'/& full scale. 1000 count. Middle: chlonne sdduct. 1607 W 11)05W 1i1 W
Sample on rotating platform. same conditions as for top. Bottom 'The frequencies are obtained from the Raman shift in Fig I Abhre-
piseeleole. 9ample in capillary tube; same conditions as for top vistions used ae W. weak. M. medium. S. strong. V ver%

APPLIED SPECTROSCOPY 637



spectra of the chlorine and bromine adducts are pre- crystals for both pure piaselenole and the adduct suggest
sented in Fig. 1 and a tabulation of the frequencies and that little change has occurred in the crystal habit. Fur-
assignments are given in Table I. thermore, the chlorine and bromine molecules are easily

The Raman spectra of the adduct are very similar to released from the adduct. Finally the spectrum of solid
the spectrum of piaselenole (Fig. 1). However, significant chlorine, Cl2, and bromine, Br2 , is very similar to halogen
differences are observed near 514 cm- ' for the chlorine adducts; we must conclude that the halogen molecules
adduct and around 289 cm' for the bromine adduct. The remain as dimers, i.e., C12 and Br2 in the adduct. The
Raman spectrum of piaselenole shows no scattering in observed lowering of the halogen's vibrational frequen-
this region. No additional bands due to the adducts are cies indicates the isolation of halogen and possibly some
found in the region below 200 cm'. Closer examination decrease in the bond order of the halogen due to physical
of the region shows scattering at 521, 514, and 507 cm-' bonding with piaselenole.
for the chlorine adduct and 293, 289, and 286 cm' for We speculate that the association of the halogens with
bromine adduct. Previous investigators have reported piaselenole occurs as a quaternary amine reaction rather
Raman frequencies for the solid chlorine molecule at 542, than a simple association with the selenium atom. Pre-
534, and 527 cm - ' and for the solid bromine molecule at vious investigations have shown that the quaternariza-
305, 301, and 299 cm-Y2 " "a The authors attributed these tion reactions are preferred over reactions with the sele-
several frequencies to the various halogen isotopes. The nium atom.' ' 6 Certainly this is a plausible model in these
frequencies do not indicate coupling of vibrational modes adducts.
due to neighboring halogen molecules.

Earlier workers have reported Raman bands from I. Association of Official Analytical Chemists, Official Methods of Anaysts,
SeC. molecules at 375, 361, and 348 cm - ' and for SeBr 4  12th ed. owashington. DC. 1975).
molecules at 266, 247, and 226 cm-" Additionally Se 2~.C .,. V. Luuati. Act& Cryat. 4. 193 (1951).

-an 1 3. V. S_ Korobkov. A. V. Seckharov. L. P. Zubanov, and D. I. Dvorevenko. Izv.
has a frequency at 367 cm - ' and Se2Br6 at 265 cm-Y' Vyssh. Uchebn Zaved. Fiz. 11, 158 (1968).
Certainly the observation of these new frequencies in the 4. A. J. Nunn and J. T. Ralph. J. Chem. Soc. (Perkin 1118. 1568 (1966).
adduct cannot be due to the formation of SeX bonds 5.5J. Hote, Anal. Chim. Act 2. 402 194Q .

6. M. Ziegler and 0. Glemser, Z. Anal. Chem. 146, 29 (1955).
(i.e., there is no SeX in the adducts). 7. T. G. Bunting and C. E. Meloan. Anal. Chem. 40. 435 (1968).

8. . H. Hanson and C E. Meloan, lnorg. Nucl. Chem. Lett. 7. 461 (1971).
9. T. Bunting, "Exponentially loaded column gas chromatography and cobalt

III. CONCLUSION and palladium complexes of piaselenole." Doctoral Thesis, Kansas State
University, Manhattan, 1967.

As previously noted the piaselenole spectrum is unaf- 10. L S. Efrose and R_ M. Leviom, Zh. Obshch. Khim. 25. 199 (1955).
II. J. E. Cahill and G. E. Lero, J. Chem. Phvs. 51. 4514 (1969).

fected by the addition of a halogen molecule; therefore, 12. G. C. Havward and P. J. Hendra. J. Chemr. Soc. A, 643 (1967).
we would not expect the piaselenole molecule to be 13. H. Stammreich and R. Forneris. Spectrochim. Acta 8, 46(1956).
chemically altered in the formation of the adduct. 14. W. Kiefer, Spectrochim. Acta 27 A. 1285 (19,1).

15. P. J. Hendra and P. J. D. Park, J. Chem. Soc. A, 901 (1968).
In addition the physical'appearance of the needle-like 16. A. J. Nunn and J. T. Ralph, J. Chem. Soc. Dec., 6769 (1965).



The CF3 Rotor: Torsional Vibrations for Some
CF3OX and CF3OOX Molecules

R. M. Hammaker, W. G. Fateley, Ajit S. Manocha, and D. D. DesMarteau
Department of Chemistry, Kansas State University, Manhattan, Kansas 66506, USA

B. J. Streusandt and J. R. Durtg
Department of Chemistry, University of South Carolina. Columbia, South Carolina 29208, USA

The low frequency Raman spectra of CF3OF (gas, liquid), CF 3OCI (liquid), CFOOH (gas, liquid). CF00D
(liquid), CF3OOF (gas, liquid) and CF 300CI (liquid) have been recorded below 300 cm- . The spectra have
been assigned and the CF 3 torsional modes were observed for all of these compounds in the liquid state. The
assigned frequencies for the liquids and the calculated barriers for the vapor state are: CF3OF. v, = 144 cm-',
V 3=4.64kcalmol-'; CF 3OCI, '=122cm - , V 3=4.6kcalmol-'; CF3OOH, v.=155cm - ', V3=
6.0 kcal nrl-: CF 300F, v, = 78 cm', V3 = 2.9 kcal morl-'; and CF 3 00CI, P, = 80 cm- ', V, = 3.7 kcal mol'.
The assignments are discussed and the barriers are compared to the corresponding quantities in some similar
molecules.

INTRODUCTION The observation in the Raman spectra of gases of a
number of Av = 2 transitions for the methyl torsional
modes for ethyl halides,27 dihalo- and trihaloethanes. 's

Trifluoromethyl hypofluorite. CF 3OF is an important and ethanol and ethanethiol 9 suggested that Av = 2
reagent in the synthesis of organic and inorganic fluorine transitions may be observable for the trifluoromethyl
compounds.' Trifluoromethyl hypochlorite, CF 3OCI, is torsional mode. This suggestion has been realized in
the first member of the chloroxy perfluoralkane series, some 1,1,1-trifluoroethyl halides:3" however, a rein-
and molecules known to undergo readily free radical vestigation of bis-trifluoromethyl peroxide including the
reactions form derivatives of CF 3OCI in which theVF3 0 Raman spectrum of the gas3' did not reveal any Av = 2
group is retained. 2 CF 3 0OX compounds (X = H, D, F, transitions. The present paper deals with the CF3
Cl) are of special interest to the synthetic inorganic torsional mode in gaseous CF 3 OF where a detailed
chemist. 3- 9 Along with bis-trifluoromethyl trioxide," investigation is possible based on Raman spectroscopy.
CF3000CF3, they serve as key reagents for the Some considerations about CF, torsions in CF3OCI and

4,7-9,11-11synthesis of many highly fluorinated peroxides. - the CF 3 0OX series IX = H, D, F, Ch are included.
CF3OF has been studied by IR and Raman spec-

troscopy,"" 5 electron diffraction' 6 and microwave
spectroscopy."' More recently, Raman spectra of
CF3OF in the gas phase as well as diluted in argon EXPERIMENTAL
matrices at 8 K have been reported."' The preparation,
identification and characterization of CF 3OCI included The syntheses and purification of all compounds were
only IR spectra.' ' t9 More recently, complementary carried out at Kansas State University. CF3OF and
Raman spectra of CF 30CI isolated in an argon matrix at CF3OCI were prepared by the cesium fluoride catalyzed
8 K have been reported."' addition of F: and CIF. respectively, to COF:Y.'

As a prelude to the investigation of the structure of the CF300H was prepared by the hydrolysis of
CF300X series by vibrational spectroscopy,2" electron CF300CO)F. 4 CF3OOF and CFOOCI were pre-
diffraction2' and microwave spectroscopy." we rein- pared by the cesium fluoride catalyzed addition of F- and
vestigated the IR and Raman spectra of CF3OF and CIF, respectively, to CF3OOH.-" CFOOD was pre-
CF3OCI. While that work was in progress, the contribu- pared from CF100H by exchange with DO and
tion by Smardzewski and Fox appeared' s and comple- contained some unreacted CF300H. Purification was
mented our results. The work on the vibrational spectra normally by vacuum line distillation. CFOF was
of CF3OF and CF3OCI has now been completed.- The contaminated by CFi'OF)2 whose separation required
detailed assignments and normal coordinate analyses for low temperature ga! chromatography.
CF 3OF and CF 3OCI will be reported separately.: 4 The IR spectra i4000-160cm - 1) of all compounds in the
investigation of the CF3 0OX series X - H. D. F. Cl) by gas phase were recorded at Kansas State Uni-ersitv
vibrational spectroscopy has now been completed.:' using a Perkin-Elmer Mocel 181 IR spectropho-
The detailed assignments and normal coordinate tometer. Cells of io cm pathlength with AgCI windows
analyses for the CFjOOX series X = H, D. F, CI) will be and 15 cm pathlength with polyethylene windows were
reported separately." employed.

tPresent address: Center for Catalytic Science and Technology. Raman spectra of all compounds as liquids were
Department of Chemical Engineering. University of Delaware. recorded at Kansas State University in i low tempera-
Newark. Delaware 19711. USA. ture cell similar in design to that of Brown er ai. " The

C Heyden q. Son Ltd. l'0) AOURNAL OF RA'WiAN SP15CTROSCOPY iL 3 O . 3S. 181
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coolant bath temperatures were as follows: CF 3OF and
CF3OCI, - 196 *C; CF3 00H, -30 *C; CF3 00D, 0 C;
CF 300F, -60 °C; CF30OCl, -20 *C. The 514.5 nm 60 :o-
line of Spectra-Physics Models 164-00 or 164-03 argon . A,
ion lasers was used except for CF 3 00CI where its yellow 70

color required the -620 nm output of a Spectra-Physics
Model 375 CW dye laser with rhodamine B pumped by 40
the Model 164-03 argon ion laser. Power levels of the 60 'e

laser were in the range 100-300 mW in all cases. The ',

spectra for all compounds except CF 300CI were 300 200 300 200
recorded on a JASCO R300 laser Raman spectropho-
tometer. The spectra of all the CF 30OX compounds 40 :
were recorded on a system consisting of a Spex 14018 f)
double monochromator, a detection system consisting of
the RCA C31034 photomultiplier held at -30 °C by a 80o so..
thermoelectric cryostat and the PARC 1140 AC quan-
turn photometer, and homemade sample illumination
optics. ' 5 Depolarization ratios were determined by L_.:
method IV of Claassen etal.; 4 however, their *f' has not . 300 200
been determined for the JASCO R300 or the Spex 60

14018 system. For the JASCO R300, known 300 200 300 200

depolarized bands gave polarization ratios between 0.75 Figure 1. IR spectra below 300cm-' of gaseous (a) CF3OF at
and 0.89; such measurements have not yet been made 438Torr, (b) CF 30CI at 140Torr, (c) CF 3 00H at 20Torr, (d)

for the Spex 14018 system. CF 300D at 20Torr, (e) CF 3 0OF at 160Torr. (f) CF300CI at

Raman spectra of CF 3 00H and CF 3 0OF as gases at 160 Torr. ANI spectra were recorded using a 15 cm pathlength cell
equipped with polyethylene windows. The asterisks (*) indicate

ambient temperature were recorded at Kansas State bands due to HF, a decomposition product. CF3OCI always
University using the 514.5 nm line of the Spectra-Phy- decomposes slowly in the IR cell and some vibration-rotation
sics Model 164-03 argon ion laser and the Spex 14018 bands of HF. COF2 and SiF 4 are always detected along with some
system. The Spex 1443A external resonating cavity with pure rotational bands of HF.
both a commercial (Cary) and a homemade2 gas cell
was employed. Power levels of the laser were 2.1-2.2 W.
Gas pressures were 500 and 600 Torr, respectively, for 300 cm- . Initially we assumed, following Smardzewski

CF 3 00H and CF 300F. and Fox,"t that both were CF 3 rocking modes, piCF l.

Spectra of gaseous CF 3OF were obtained at the Uni- with the one in the A' symmetry block being stronger in
versity of South Carolina. Far-IR spectra below the Raman and weaker in the R. Our normal coor-
160 cm - ' were recorded using the Digilab Model FTS- dinate analysis "3 " leaves little doubt that the two rock-

15B IR interferometer with 6.25 and 12.5 i.m Mylar ing modes, p(CF 3), are far apart, with the one in the A"
beamsplitters. A cell of 10 cm pathlength with poly- symmetry block for CF 3OX under C, symmetry being in
ethylene windows was employed. Raman spectra from the surprisingly high frequency range of 400-500 cm-,.
350 cm - ' to the Rayleigh line were obtained using the
514.5 nm line of a Spectra-Physics Model 171 argon ion
laser and a Cary Model 82 laser Raman spectropho- v
tometer. The Cary illumination system and standard gas I..
cell were employed. Power levels of the laser were K . ::
approximately 4 W with a gas pressure of 500 Torr.

'I~~ ,LA20O :00 _ ____

RESULTS AND DISCUSSION i0 C

230 130General " ]

The IR (gases) and Raman spectra (liquids) below
300 cm-' of all compounds are shown in Figs. I and 2.
respectively. Additionally, the Raman spectra of three

of the gases are shown in Figs. 3 and 4. The observed 300 200 20C OC 245 4!
frequencies are listed in Tables I and 2. Although our IR
data above 300 cm-' for CF 3OF are in good agreement Figure 2. Raman spectra below 300 cm' of liquid (a) CF,OF at

-196°C. (b) CF 3 0OF at -60 1C, (c) CF3OCI at -196 C. (d) CFO0Ci
with Wilt and Jones,t 5 between 200 and 300 cm -' our at -20 *C, (a) CF300MH at - 30 C. (f) CF 100 at 0 'C Soectra (a)

spectrum differs in that our peaks are 25-28 cm-' higher and (C) were recorded on the Jasco R300 and the remaining
in frequency although the band shapes are somewhat spectra were recordec on the SOex 14018 Raman spectrooho-

similar. Our Raman data for both CF 3OF and CF3OCI tometer The temperatures listed are the coolant bath tempera-
are consistent with those of Smardzewski and Fox.'4  tures in the low temperature cell. In (d) the main spectrum shows

both polarizations, the inset spectrum was scanned using
Both the CF 3OX compounds have two overlapping different instrumental parameters in order to reveal the weak

bands in the IR and Raman spectra between 200 and features at 204. 150 end 80 cm
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I' ' '

250 150 240 '40

Figullre 3. Roman spectra below 300 cm-' of gaseous (a) CF300F
at 600 Torr, (b) CF300H at 500 Torr. These spectra were recorded
with the Spex 14018 Raman spectrophotometer. 300 200 00

*aven.,mkr (Cm- I

Figure 4. Raman spectrum from 350 to 60 cm' of gaseous
The lowest frequency Raman bands in the liquid are at CF3OF. This spectrum was recorded on a Cary 82 Raman spec-
144 cm-' and 122 cm-' for CF30F and CF3QCI, trophotometer with a spectral bandwidth of 4 cm.
respectively. Since these frequencies , while low for
rocking vibrations, seemed high for the CF3 torsions, we
initially suggested by analogy to CH3 torsions2'-29 that havew"' that the vibrational satellite lines have 0.4
the possibility of A~v = 2 transitions with anomaly high tmsteitniyo h rudsaelnsi h
depolarization ratios be considered.35 6 However, the microwave spectrum of gaseous CF30F at 194 K. This
microwave investigation of CF30F by Buckley and ratio is ingood agreement with-a population ratio of 0.38
Weber" strongly supports the assignment of the lowest if the v = 1 state in the torsional mode is 132 cm' 1 above
frequency in TableslIand2 to 7(CF 3) not 2TrCF).They the v = 0 state. If the band at 132 cm&1 were due to a

Table 1. Observed frequencies fin ctn'') below 300 cm-' of moderate resolution
Raman

comnoond Gas* LquWd Ar matn,,' Gas* Ass,gnort'

CFOF 272 259 p 256 278 sh p(CF3 ) WA)
248 285sh? 252 2-?(CF 3) (A')

& 127 144wp/dp rICF3) IA")

CFOCI 220 p . 239 233 p(CF3) (A')
233 sh? 220 sh?' 2r(CF 3) (A')
122 wp/dp -(CF 3) (A")

CF3 0014 290 275 p p(CF 3) (A')
248 244' r(OH) (A")
142 155wp/dp r(CF3) (A")

CF 2000 273 p P(CF 3) JA')
1791.0 HOD) IA")

155 wp/dp -.iCF3) (A")

CFOOF 280 283 p 278 p(CF 3)iAW)
132" 147 wp/dp r(OF) (A")

78 wp/dp ?(CF3) (A")

CF 300CI 266 p 259 pICF3) (A')
204 p? 2,r(CF3) -~ ?(OCI) (A")
150 wp/dp? 2r(CF3) WA)
90 p? rIC F3) (A")

a These symbols are based on C. symmetry. Only the CF30X compounds have C, symmetry (Ref 16). CF300H and CF300D only fail to
have C. symmetry by having a light atom off the FCOO plane, but CF300F and CF300CI definitely have only C, symmetry (Ref. 21).
.The data for CF30F is by Smardzewski and Fox lRef. 18). The date for CF300H and CF300F are from this work using the Spex 14018

systern.
'The frequenciee for the CF3 0X compounds and the polarization information (p or wp/dp) for all compounds are from the JASCO R300
system. The frequencies for the CF300X compounds are from the Spex 14018 system.
SThese data are from Smardzewski and Fox (Ref. 18) at 8 K.
*The"e data are from the Perkin-Elmer 180 so the region below 1W0 cm-' is not accessible.

'This band is so intense for CF300H that the region from 200 to 300 cm-'is obscured even in the case of CF3000 with some unreacted
CF30014. Consequently, it is impossible to observe the weaker CF3 rocking mode expiected between 250 and 300 cm
The mid-point of a doublet seen at higher resolution at 174 and 163 cm'- is taken as 179 cm - for -(OD1.
Since the gas phase decomposition CFOOF - CF, - 02 occurs easily in the laser beam, the region below - 180 cm-' is complicated by

the pure rotational Raman spectrum of 02. It is possible to identify this band as belonging to CF300F. but the region below 80 cm , i
hopelessly obscured and it is not possible to find the gas phase frequency for the band at 78 cm-' in the liquid.
' The bend at 2M cm-' in the Raman spectrum of liquid CF300CI is the most intense band in the spectrum and has been assigned to the
OOCI bend (flef. 25, 26). It is not included in this table since it is not involved in our discussion of the CF3 and OCI torsions and the CF3 rock.
A weak shoulder near 290 cm' in the IR spectrum of gaseous CF100CI also assigne" to the OOCI bend isnot included in this table either
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Analysis of the Raman spectrum of gaseous CF 3OF
Table 2. Raman spectral data' (300-50cm') for gaseous (50-350 cm - )
CF3OF

cm') The Raman spectrum 150-350cm -') of gaseous CFOF
is shown in Fig. 4. The mode r7CF31 gives rise to the very

obsered Calculted' Aw.gnmen: broad, strong Raman line which appears to be centered
at about 132 cm-'. this band is clearly depolarized. The

291 p(CF 3) (A) band has the same appearance as those observed for the
278 )CF 3 torsions in the CF3CH2 X compounds." In addition
254 253.1 2-0 (CF3)IA') to this broad depolarized band, there are two weaker

247 248.0 3-1 r(CF3 )(A') polarized lines centered at 254 and -280cm-'. The
242 242.7 4-2 r(CF3) (A') higher frequency band has apparent 0-branches at 290,
238 237.0 5-3 r(CF3) (A') 281,278and271 cm-' whereas the lower frequency line
231 231.1 6-4 tICF3) (A') is made up of a series of 0-branches beginning at

-132 vs, brd. dp 127.8 1.-0 r(CF3) (A') 254 cm - ' with subsequent Q-branches at 247, 242 and
* All the lines from 230 to 290 cm- are polarized. 231 cm-' and possibly at 238 cm - . These 0-branches
b The torsional transitions were calculated with a V3 1625 cm1 have decreasing intensity with decreasing frequency and
and anFnumberoft.217cm - . the band appearance is similar to the CF3 torsional

overtones for the CF 3CH 2X compounds. " Therefore
we initially assigned the Q-branches at 254, 247 and
252 cm' to the 2,,-0, 3- 1, and 4*-2 torsional energy
level transitions (see Table 2).

0- 2 transition, then the 0-* I transition would be These observed Raman lines for the torsional over-
67.5 cm - ' giving a population ratio of 0.61 at 194 K. tones (.Iv = 2) were used to calculate the potential
This assignment then accounts for the two overlapping terms, V3 and V4,, of the internal rotation Hamiltonian:
bands between 200 and 300cm- ' as pICF3. and2 (CF3). H = Fp' -'[ I'3 1 - cos 3 )+ l,lI -cos 6 )]
27(CFs3).

For both the CF 3OX compounds the choice of pi CF 3 ) by utilizing a computer program previously described
and 2r(CF 3) for the bands between 200 and 300 cm - is so that the calculated differences in the torsional energy
ambiguous. In Table I we suggest 278 cm ' and levels reproduced the observed 'double jump' frequen-
233 cm - ' for p(CF3 ) in gaseous CF 3OF and CF3OCI, cies. 70 sine and 70 cosine functions were used as a basis
respectively. However, the frequencies in the gas phase set. The F number can be considered as the reciprocal of
are higher than the frequencies in the condensed phase, an effective mass for the torsional vibration. It is defined
contrary to normal expectations. In general, low as
frequency modes tend to increase in frequency upon
condensation in contrast to stretching modes which tend F = h 2(8-r'[I,r - A A
to decrease in frequency upon condens'tion. Another I

surprising feature is that the 252 cm - band is more where 1, is the moment of inertia of the internal iCF 3)
intense than the 278 cm - 1 band in the IR spectrum of top. and A, is the cosine of the angle between the top axis
gaseousCF 3OF. It ispossible that the 278 cm - ' band isa and the gth principal axis of the entire molecule. With
part of a contour of a p(CF3 ) mode between 220 and the structural parameters obtained from the electron
300 cm - ' with a center near 265 cm -', and super- diffraction study t ' an F number of 1.217cm - '
position of 27(CF 3) near 250 cm - ' causes an apparent (13.85 amu A2) was calculated. With this F number and
maximum at 252 cm - '. The higher resolution Raman the first five observed double jumps, a V- of 1625 =
spectrum of gaseous CF3OF, treated in detail later in this 21cm-'(4.64kcalmol-'i was calculated and the,' i
section, was recorded to investigate this possibility, term had a value of -20 , 8 cm-'. The fit of the observed

In the low frequency Raman spectra in an argon and calculated transitions is shown in Table 2.
matrix,'" only one band occurs for both CF 3OF and
CF3OCI; we assume this band is p(CF3). However, since
the argon matrix is too highly scattering to permit Torsional vibrations in CF3OCI and the CFOOX
sufficient approach to the Rayleigh line for observation series
of r(CF3), there is no opportunity to confirm the
assignment of this single Raman line to ptCF3) because Since it has not been possible to obtain Raman spectra of
the frequency of this line is not significantly different gaseous CF 3OCI, it must be treated by analogy to
from the 2-(CF3) frequency. Since matrix shifts from the CF.OF. Assuming a 10% decrease in iCFI) upon going
gas are often only a few wavenumbers, the single matrix from the liquid (122cm-'). we place riCFI) near
frequency assumed to be p(CF 3) matches better with the 110 cm - I for gaseous CF.OCI. Thus. the IR band at
252 cm - 1 band in the IR spectrum of gaseous CF 3OF. 233 cm-' in gaseousCFOC seems sufficiently removed
but we have chosen to assign p(CF3) to the higher from 2riCF3 ) and therefore can be most reasonably
frequency band at 278 cm - . For gaseous CF 3OCI the assigned as ptCF0). The band in the argon matrix at
use of 233 cm - as p4CF3 ) can be justified since the 239 cm - ' is then most reasonably assigned as p(CF as
233 cm - ' IR band is more intense than a possible in Table 1. This result is consistent with our view
shoulder at 220 cm -'. Also, 233 cm - ' is closer to the expressed earlier that the single band between 200 and
argon matrix frequency which usually approximates 300 cm ' in the Raman spectra of CF1OF and CFOCI
gas frequencies more closely than liquid frequencies. in the argon matrix is probably p(CF3).
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Our normal coordinate analysis:3 ' 4 yields a potential tion is not nearly as well defined as for CFOF. The shift
energy distribution in which a 110cm - frequency is of rtCH0 from 155 cm -' in the liquid to 142cm 'in the
96% rCF1 ). Using a reasonable geometry for gas in the spectra of CF 3 00H is 10o, which is consis-
CFOCI,: -'' rtCF3) near 110 cm-' corresponds to a VA tent with the similar observation for CFOF. Our normal
near 4.2 kcal mol-'. This value is in reasonable coordinate analysis2' has a potential energy distribution
agreement with the barrier in CFOF but much larger in which the 142cm ' frequency is 95'. rtCF1, in
than values for several CF 3 rotors in other C, molecules CF 3OOH.
such as: CF 3C(O)H and CF.,CtO)D, between 0.5 and In the Raman spectrum of liquid CF,OOF. bands are
0.9 kcal mol - ;Y" CFC(O)F, 1.4 kcal mol-'; observed at 283, 147 and 78 cm-' and are assigned to
CF 3 C(O)CI, 1.7 kcal mol - '. 8 CF.,NO, 0.4 kcal mol-_'. T  piCF3). rtOF) and rtCF0). respectively. The Raman
For CH3 rotor analogies to the CF , rotors already spectrum of gaseous CFOOF contains bands at
mentioned, the results for V3 are: CHIC(O)H. 280 cm - ' and 132 cm ' which are assigned to p(CF;i
1.2 kcal mol - '; CHCkO)F. 1.0 kcal o ;+o and riOF), respectively. For liquid CF30OF it would be
CH3C(O)CI, 1.3 kcal mol- ;411 CH3NO, 1.1 kcal possible to assign the Raman band at 283 cm as
mol-'.'" The values of 1V3 for the CH3 rotor minus the 2rtOF) rather than P(CF,) on the basis that it is close to
values of V3 for the corresponding CF, rotor range from two times 147 cm - . but then there is no band below
-0.7 kcal mol - ' to +0.4 kcal mol - '. Assuming CH, and 300 cm - ' for pICF3 ). In gaseous CF300F the Raman
CF, rotors with identical frames will have differences in band at 280 cm-' is too far from twice 132 cm ' to be
V3 values within this range. a V, value of 2rtOF). For liquid CF,OOF it would be possible to
3.1 kcal mol - I 4' for CH 3 OCI would predict a V3 value assign the Raman band at 147 cm _ as 2uiCFi rather
of 2.4-3.5 kcal mol-' for CF 3OCI. Thus. a V, value for than riOF) on the basis of twice 78 cm -. but then there
CF3 OCI above 3.0 kcal mol-' is plausible and a value is no band for assignment to riOF1. It is possible that
above 4.0 kcal mol - ' does not seem unreasonable. weak bands corresponding to 2rT(OF) and 27iCF.) may

For the CFOOX series the region 200-300 cm - is underlie p(CF,) and riOF). respectively, but no obvious
somewhat different. Gaseous CF 300H and CF 300D. evidence for this appears in the spectra in Fig. 2. It
containing some CF 300H. both have very intense IR should be pointed out that the spectrum is badly
bands at 244 cm-i due to riOH) which completely obscured by the pure rotational Raman spectrum of O,
obscures the 200-300 cm ' region. Gaseous CF.300F from the decomposition of CFOOF to CF4 and 0:.
has one IR band at 278 cm -'which is assigned top(CFI However, on the basis of the intensity of the 132 cm - '
and the corresponding Raman bands at 280 cm -1 (gas) Raman line. we believe it is not due to the rotational
and 283 cm I (liquid) are similarly assigned. Gaseous spectrum of 0,. It appears to shift to 147 cm ' with
CF3OOCI has one IR band at 259 cm'I which is as- liquefaction. It is not possible to get sufficiently close to
signed to p(CF,) and the corresponding Raman band in the Rayleigh line to search for the gas ?hase Raman
the liquid at 266 cm-' is similarly assigned. Liquid band corresponding to the band at 78 cm in the liquid.
CF 3 00CI has its strongest Raman band at 295 cm -' By analogy to CFOF and CFOOH we reduce the
with a surprisingly weak corresponding IR shoulder near Raman frequency of 78cm in the liquid by lo'.,.
290 cm- '. These bands are assigned as the OOCI bend which gives 70 cm as an approximation to the gas
and were not included in Table 1. phase value for .iCFi). Our normal coordinate analysis

In the Raman spectra of liquid CF3OOH and has a potential energy distribution in which the 70 cm
CF 3OOD there are bands at 275 and 273 cm-. respec- frequency is 950o rCF3 1 but the 132 cm-' frequency is
tively. and at 155 cm- in the spectra of both. Assuming only 70% r(OF1 with 10%. each from changes in the
that the OH and OD torsions would be weak ad FCO and COO angles in CFOOF. 5 -''

broadened in the Raman spectra of the liquids, we assign The assignment of bands between 200 and 300 cm-
the bands near 275 cm to p(CF3 ) and the bands at in the Raman spectrum of liquid CFOOCI has already
155 cm-' to -(CF3). in analogy to CF3OF. The Raman been given. Liquid CFOOCI does not have any Raman
spectrum of gaseous CF-OOH has bands at 246 and bands below 200 cm that are as prominent as those in
142cm - 1 and a weak band at 290cm - ' which are CF.OOH. CFOOD and CF3OOF: however, there are
assigned as ?(OH). i(CFx) and piCF3 ), respectively. For very weak bands at 80, 15t0 and 204 cm '. Depolariza-
gaseous CF3OOH it would be possible to assign the tion results are uncertain but the 80 and 204 cm ' bands
Raman band at 290 cm- ' as 2r (CF,) rather than piCF,) appear to be polarized. We suggest the following very
although 290cm' is greater than twice 142cm - '. tentative assignments: 80cm-' as rtCFi. 150cm - ' as
Inspection of the gas phase Raman spectrum shows that 2r(CF.) and 204 cm- ' as 2-iCF.)-- r OCI). With the
there could be a band near 270cm "' as well. This coolant bath at -204 C in the low temperature cells we
270cm - ' band, close to the Raman frequency of expect only transitions from the vibrational ground state
275 cm - ' in the liquid, could be pCF3). However, we of CF-OOCI to be observed. These Raman bands could
prefer to assign the 290 cm-' band as pCF3 i and assume be -(CF), rtOCI) and one nonfundamental or two
27)CF. is too weak to be obscrved or gives rise to the nonfundamentals and either -iCFo or riOCb,. Since
questionable band near 270 cm - '. For the Raman spec- CF.OOH and CFOOCI have the same C-O and
tra of liquid CF OOH and CF OOD where itCF0 is 0-0 bond lengths," we assume that they have similar
155cm , there could be additional bands near force constants for the CFA torsion. Since CFOOF hasa
300cm- I due to 2rCF.o. Thus, the CFjOOH and shorter 0-0 and a longer C-O bond than CFOOH
CF3OOD Raman spectra are consistent with the and CFOOCI. we use the values of the force constants
presence of weak bands due to 2tCF3 ) overlapping the for the CF., torsions in CF.OOH and CFOOF to
ptCF), region both in the liquid and gaseous samples, in establish a probable limiting range of force constant
analogy to the CF 3OX compounds. However, the situa- values for the CF, torsion in CFOOCI. Using this
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range 2 5 6 of 0.02-0.01 mdyne A rad-" and the treat- Using a MacLaurin series expansion for small 0 gives
ment of Fateley and Miller, " the range of r(CF3 ) in the
gas phase is 60-87 cm-'. Reducing the liquid frequency V0 = V n/2)2 02  2)
by 10% gives 72 cm - ' for the CF 3 torsion in gaseous For a simple harmonic potential where K, is a torsional
CF 300CI. force constant

Since CF3 0OF has a shorter 0-0 bond 2' than
CF 300CI and CF3OOH, we assume that the force V(O)=(K0 /2)0 (3)
constant for the OCI torsion in CF 300CI is much Equating coeflicients of like terms between Eq. (2) and
smaller than the force constant for the OF torsion in (3) gives
CF 3 0OF which is in analogy to the force constant for the V
OH torsion in CF3 00H, being smaller than the force V
constant for the OF torsion in CF 3 00F. Thus, with a For V(8) in kcal mot - ' and 0 in radians, the units of V,
much smaller force constant for the OX torsion and a must be kcal mo -' rad - " . If K, is in mdyne A rad- 2

much larger X mass and reduced moment of inertia for molecule-' a conversion factor of 143.9 kcal molt.
internal rotation, CF3 00CI would be expected to have equivalent to 1 mdyne A rad- 2 molecule , is needed
r(OCl) in the gas phase much lower than 132 cm - ' for and the 2 on the right-hand side of Eq. 14) becomes
r(OF) in gaseous CF300F. Then the bands at 204 cm-' 287.9. The final working equation is
and 150cm - 1 in the Raman spectrum of liquid
CF3 00CI are not fundamentals and the band at Vt(kcal mol-'rad - ) 

=(287.9/n)K
80 cm-', estimated to be 72 cm - ' in the gaseous state, is
either r(CF 3) or r(OCI). As indicated above, the choice (mdyne A rad -molecule-') (5
is T(CF 3), in order to keep the force constant for the CF3  The use of this equation requires consideration of the
torsion in the probable limiting range of 0.02- details of the programs used in the normal coordinate
0.01 mdyne A rad - 2. The 150 cm -i band may then be analysis. We used the GMAT program of Schacht-
assigned to 2i(CF3) with the 204 cm- 1 band assigned as schneider 4 3 For the CF 3 torsion where n=3, the
2'(CF3) + 7(OCI). substitution n = 3 on the right-hand side of Eq. (5) hasTherefore. with 2rt(CF3) r(OCI) =204 cm-1 andTherfore, with btains-rO l)=24cm' and -,already been taken into account in GMAT by having
2r(CF) = 150 cm - , one obtains 54 cm - for rtOCI) three rows for the coordinate, so , = 1 must be used to
and a 10% reduction gives 49 cm - ' for this mode in the
gas phase. The admittedly uncertain polarization data give V ,=287.9Ko in Eq. (5). For the OX torsion

GMAT has only one row for the coordinate, so n = 2 isare somewhat disturbing, but other unexpected used in Eq. (5) to give V, = k287.9!4)K,.
polarization results have also been observed in CF 3 0OF For the CF3 torsion the results for V3 are: CF3OF.
and CF300C. 25 '26 Under G symmetry, r(CF3) and 4.8 kcal mol-'; CF 3OCI, 4.6 kcal mol-'; CF.OOH.
2T(CF 3)+ r(OCI) would be depolarized and 2r(CF 3) 6.0 kcal mol-'; CFOOF. 2.9 kcal mol-' . and
would be polarized. Our uncertain polarization data CaO 3o7 cFml .Fo 2.9 ka torsiondCF73 000I, 3.7 kcal mot-'. For the OX torsion themake i(CF3) and 2r(CF 3)+r(OCI) appear to be results for V, are: CF 300H. 2.5 kcal mol-.: CF.OOD.
polarized while 2rtCF3) is only weakly polarized. Such a 2.5 kcal mol-; CF.0OFF 17 kcal mol-: and CF OOCI.
result is possible under the C1 symmetry that CF.OCI 3.6 kcal mo-'. The values of 3.0-6.0 kcal mo-' for the
possesses; however, in CF 3 0OF, which is also of C, CF3 rotational barrier are consistent with the earlier
symmetry, both -i(CF3 ) and r(OF) are so weakly report" of 5.4 kcal mo in (CF3 (O0: but much higher
polarized as to be indistinguishable from being than the more recent value3 ' of 0.73kcalmol - . The
depolarized. We would have expected similar behavior values for the OX rotational barrier for CF,00H and
in CF3OOCI; perhaps the large angles of twist in the two vFlues re simlarasigh be eoeCted. ForCF300CI conformers~l may contribute to this result. CF300C1 are similar as might be expected. For

CF 30OF the result is much larger but still well below the
Our normal coordinate analysis has a potential energy value for 02 F:. This is consistent with the chemical
distribution in which the 72 cm-' frequency is 82o evidence that, while CF30OF departs significantly from
i(CF3) with a 10% contribution from r(OCI) and a 5 % the other more typical peroxides in the directionmof the
contribution from the OOCI bend. The 49 cm-' band is
84% r(OCI) with a 12% contribution from r(CF3).2 5

.
2 t anomalous compound 0 2 F2 , CF 3 0OF is, nevertheless.

The force constant values 25.26 for the CF and OX more like H.0: or CFaOOH than like O2 F..'
torsions can be used to estimate rotational barriers from
the relation V. = (2K./n2 . The general term in the full
form of the potential energy as a function of the internal Acknowledgement
torsional angle 6 may be expressed as
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Vibrational Spectra and Normal Coordinate

Analysis of CF30F and CF30CI

J. C. Kuo, D. D. DesMarteau, W. G. Fateley and R. M. Hamnmaker
Department of Chemistrv. Kan..jas State Lni~ersitv. Manhattan, Kinsas hrt51 USA

C. J. Marsdent
Depairtment of Chemistry. Uni~ersity of Nti~hgars. Ann Arbor. %fichigan 4s"1(114. USA

J1. D. Witit
Corporate Chemical Research Laboratory,. Allied Chemnicai Comnpany. \1orrito)\n. N\c% Jcr~e% 1179, USA

The IR spectra 11400 cm-' to 160 cm-') of the gases at ambient temperature and the Raman spectra (belovi
1400 cm-) of the liquids near -196 *C are reported for CFOF and CF3 OCI. All fundamentals are assigned
under C, svmmetry and the results of a normal coordinate analysis are presented. The assignments of
Smardzewski and Fox are adopted with one exception for both CFOF and CF3 OCI: the CF, rock of .4 symmetr%
is assigned near 430 cm-' and the two bands between 200 cm -'and 300 cm-~' are assigned to an .4'fundamental.
involving CF3 rocking and COX bending and a .Av = 2 transition in the CF 3 torsion. An extra band at 548 cm-' in
the Raman spectrum of liquid CFOCI near -196 'C is assigned to a CF 30CI ..C1 complex. The values of the
force constants dtOX) for CF30X molecules are suggested to be near those for X.2 0 molecitles. Mlore than half
the normal modes of A4' symmetry show extensive mixing of symmetrm coordinates. In some of these cases the
symmetry coordinate for which the normal mode is named is the largest but not the dominant contributor to the
potential energy distribution, while in others this s-,mmetrv c-iordinate is not e% en the largest contributor to the
potential energy distribution. No normal modes of 4 si mmetrv are present in which vi CO). 3j CF,), 8 (COX t.
or P(CF3 ) symmetry coordinates are dominant, and the mode consentionalli labeled a,; vI CO) should be labeled
as P,(CF,). For the remaining A'normal modes and all the. .4" normal mode, the sy mmnlr) coordinate for wshich
the normal mode is named is dominant in the potential energy distribution.

INTRD~cIONbeing reported separatelW' The present paper sum-
martzes our ,.3mplete results-" for the asstenments and

Trifluoromethyl hypofluorite, CF3OF, is an important nra oriaeaa~i fC-O n F;C

reagent in the synthesis of organic and inorganic fluorine
compounds.' Triflitioromethyl hypochlorite, CF3 OCI. is
the first member of the chioroxy perfluoroalkane series EXPERIMENTAL
and molecules known to readily undergo free radical
reactions form derivatives of CF3OCI in which the CF30F and CF3,OCI Nxere prepared at Kansas State
CF30 group is retained. - CF30F has been studied bv L'ntversitv bv. the cesium fluoride catalyzed addttion of
IR and Raman spectroscopy,"' electron dittraction& F- and CI]F."respectively, to COF 2 ' 'Purification was
and microwave spectroscopy.' The preparation. normally by vacuum line distillation. CF.OF %%as
identification and characterization of CF30CI included contaminated with CF,, OF, wvhose separation required
IR spectra only)27 Mlore recently, Raman spectra of low temperature gas chromatography.
both CF30F and CF 30CI diluted in argton matrices at Mvid-IR spectra t4000-160 cm-' of the eases were
8 K and of gaseous CF30F at ambient temperature have recorded at Kansas State University with a Perkin-
been reported." Elmer Model 180 IR spectrophotometer. Cells of 10) cm

As a prelude to investigations of the structure of the path length with AgCI windows and 15 cm path length
CF3 00X series A = H. D, F. Cb by vibrational spec- with polyethylene windows were used in the regions
troscopy,9 electron diffraction "' and microwave spec- 400)0-400 cmn' and 650-16 0 cm 1. respecti'.el%.
troscopy," we reinvestigated the IR and Raman spectra Raman spectra of the liquids were recorded at Kansas
of CF30F and CF 3OCI. While this work was in progress. State University in a low temperature :ell similar int
the contribution by Smardzewski and Fox"' appeared design to that of Brown et a!.- with the coolant hath at
and complemented our results. Considerations about - 196 'C (iquid N,;using aJASCO R-3 300 Laser Raman
.It = 2 transitions in the CF3 rotor' 1 analogous to the spectrophotometer. The 5 14.5 nm line of a Spectra
ClH3 rotor"-".t have arisen and the final results are Physics Model 164-00 argon ion laser was used with
being reported separately. 17Concurrently. our work power levels at the laser in the range II10-30)0 mW.
with the CF;00X series has been completed' and is Depolarization 3ratios were determined by method l\' of

tPresent address: Department of Chemistry. melbourne Unt- Claassen Ca 411 :s Their f has not been determined for the
versity. Parkville. Victoria 3052, Australia. JASCO R-300: however, known depolarized bands

Present address IRNI Corporation, Tucson. Arioa. USA. gave depolarization ratios between 0.75 and 0.89.
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VIBRATIONAL SPECTRA AND NORMAL COORDINATE ANALYSIS OF CF 1 OF AND CFOCl

Raman spectra of liquid CF 3OCI were also recorded at The assignments shown in Table 1 are those of
Allied Chemical Company using a Spex Ramalog system Smardzewski and Fox8 with the exception of one of the
and low temperature cell and the 514.5 nm line of a CF3 rocking modes. We are in complete agreement with
Coherent Radiation argon ion laser. their reversal of the CO and OF stretching mode

assignments of Wilt and Jones. Initially we had assumed.
as do Smardzewski and Fox, that the two CF 3 rocking
modes would lie between 200 and 300 cm . Howe~er,

SPECTRAL RESULTS our normal coordinate analysis places the two CF , rock-
ing modes far apart with the one in the A" symmetry

The IR and Ramnan spectra below 1400 cm-I are shown block being in the surprisingly high frequency range of

in Figs I and 2. respectively. The frequencies are listed in 400-500 cm'. The lowest frequency bands in the

Table 1 along with the complementary data of Smard- Raman spectra of both compounds initially seemed high
zewski and Fox.8 In general, our IR data for CFOF to us for the CF3 torsion and we suggested they might be

agree well with those of Wilt and Jones.' However, .A = 2 transitions '  analogous to CH3 torsions.
between 300 and 200cm-' our spectra show peaks However, the microwave work of Buckley and Weber"

25-28 cm' higher in frequency but with similar band strongly supports the assignments of .A.t = I transitions

shapes. Since our IR and Raman data are self-consistent being responsible for these bands. Vibrational satellite
and in good agreement with the Raman data of Smard- lines having 0.4 times the intensity of the ground state

zewski and Fox for both CF 3OF and CF 3OCI, we lines at 194 K in the microwave spectrum of gaseous
CF 3OF" are in good agreement with a population ratioconclude that the IR data of Wilt and Jones for CF30F of 0.39 if the v = I state in the torsional mode is

below 300 cm' are in error for reasons unknown. Our 127 cm' above the v =0 state 'using the gas phase
IR data for CF 3OCI above 500 cm - ' are similar to the Raman frequency of Smardzewski and Fox- of 127 cm
results of Schack and Maya 2 with our sample appearing Romab fr he 0- S ansition n F oso, .
to be of higher purity. from Table I for the 0 1 transition in the CF3 torsion).

1300 1100 Boo 600 600 400 300 200

a ( ..... (e Ci1~~FOC 90. a ~ .
I,70, ; . , Is -

80

; , 40 60 CF c OF .

40

6000 I N
'Ii) 'I .

20 CF10

:'N: ; Uft I

40 40

8 00 600 20C
20,)

8200500 400

Figure 1. CR soectra 01400-160 cm of gaseous CF3OF and CF3OCI at ambient temperature. Spectra (ai,. ib. 1 a and (ft are CF3OC. and
spectra (c), d), ig) and (h) are CF3OF Spectra (a). (b), (c) and 1d) are from a 1, cm cell with AgCI windows. Soectra 'et. f). ,gl and IN') are
from a 1 cm cell with polyethylene windows. Gas pressures are as follows: (a) 3 tort; ibt 65 torr; (c) 3 torr; (d) 161 torr; (e) 100 tor; tf)
140 tOrt: (g) 438 tort; (h) 438 torr. The mid-point of the doublet whose more intense component is labeled 1228 cm 'n tct s at 1222 cm
and the latter frequency is listed in Tible I. The band at 393cm - in (e) has a contribution from the 0 branch of the degenerate
deformation of SiF, present as an impurity and in nigher resolution expanded scale spectra the SiF. 0 branch is ciearlv resolved
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Our Raman data for liquid CF3OCI show a very weak
¢2 Z band at 430 cm ' in every spectrum where the sensi-

tivity is high enough to record the 611 cm-' band which
...... ...... is the weakest Raman band previously assigned to a

: .fundamental. Since the IR baseline is not flat in this
region due to problems with exact compensation of
polyethylene sheets placed in the reference beam, it is
difficult to tell whether or not a very weak IR band may

-z, : be present at 430 cm-'. Here, also, we now adopt the
r ':suggestion of our normal coordinate analysis and assign

430 cm -' as the CF3 rocking mode in the A" symmetry
block.

Initially our sample of CF 3OCI contained a large
.......... amount of chlorine, and the band in CF 3OCI listed at

000 8oo 600 400 2t 561 cm - ' in Table 1 for the Raman spectrum of the
.A&(e" I, liquid was only visible as a small shoulder on the intense

band due to the dissolved chlorine. Purification of the
cFoc . CF3OCI sample gave the Raman spectrum shown in Fig.

.... 2. The band at 548 cm -' in Fig. 2 does not appear in the
30 0 IR spectrum of gaseous CF3OCI. Smardzewski and

Z Fox81 24 observe extra bands in the Raman spectrum of
CF3OCI in an argon matrix at 547 and 539 cm - with
relative intensities of 9 and 10 respectively. Our band at
548 cm - ' in the Raman spectrum of liquid CF 3OCI

::: ,, appears upon abscissa expansion and higher resolution
, to consistent of two overlapping bands of equal intensity

at about 551 and 545 cm - . Since all the CF.OCl
.... . ; , ".... fundamentals are reasonably accounted for. the bandis)at 548 cm - I must be either a non-fundamental of

'000 860 60'o ' ,t CF3OCI or an impurity.
Au (cm-' The assignment to a difference band is reasonable

on a frequency basis but not on the basis of intensity
Figure 2. Raman spectra (below 1400 cm-1) of liquid CF3OF and and polarization. Using liquid Raman frequencies.
CF3OCI near -1196C. The CF3OF sample contains a small amount 8,CF3 )A'-r(CF3)A"=666-122=544cm- in goodi
of CF 2 (OF)2 . The CF 30Ci sample is believed to contain a small -
amount of C12 held as a CFOCI.CI2 complex, agreement with 548 cm - '. However, the transition from

(t12 = 1 all other P, = 0, an A" state) to (P5 = 1, all other
,, = 0, an A' state) is a non-totally symmetric transition

If the band at 127 cm-' were due to a 0--b2 transition, and should be depolarized. The 548 cm-' band is
then the 0- 1 transition would be 65 cm - ' giving a polarized. The population of (=,t = 1, all other v,, = 0) is
population ratio of 0.62 at 194 K. Consequently, the two 10-17% of that of (all v, =0) for i,t_,=7(CF)A"=
overlapping bands between 200 and 300 cm' may be 122 cm' - between 77 and 100 K (estimated range of
interpreted as the CF 3 rock in the A' symmetry block sample temperature with liquid N2 in the coolant bath of
and 2r(CF 3)A' (i.e. a Av =2 transition in the CF3  the low temperature cell). The fact that the 548 cm -
torsion). A detailed investigation of the Raman spec- band has 80% of the intensity of the &,8(CF 3)A'
trum of gaseous CF3OF under higher resolution fundamental at 561 cm - ' is difficult to explain for a
confirms this suggestion and is being reported non-fundamental with no apparent Fermi resonance
separately. 7  possibilities and such an unfavorable Boltzmann popu-

When the IR band of gaseous CF3OF with a Q branch lation ratio. On both the intensity and polarization basis
at 429 cm-' in Fig. I is recorded with abscissa expansion we feel that the 548 cm-' band must be due to a species
and higher resolution a shoulder at 431 cm - ' is seen on other than CF 3OCI.
the 0 branch. The corresponding liquid Raman band at Possible impurities in the CIF used to prepare CF3OCI
436 cm-' is polarized and so belongs in the A' symmetry by addition to COF2 are CIF. and CIF3. However, the
block; however, the presence of a weak depolarized Raman spectra of liquid CIF, andliquid CF26 aresuch

band a few cm - away can neither be confirmed nor that both compounds would be detected by intense
denied by the appearance of the Raman spectrum of the bands well separated from any of the CF3 OCl bands in
liquid. The Raman spectra of Smardzewski and Fox" 24 Fig. 2.
for CF30OF in an argon matrix show a single band at For the case of CF3OF prepared by the addition of F,
433 cm - ' whose width is comparable to that of other to COF2 , CO2 impurity in the COF leads to the
bands in the argon matrix. In our opinion their Raman production of some CF2(OF)2. By analogy the addition
spectra can neither confirm nor deny the possible of Ci to CO2 might lead to a variety of materials of the
presence of two fundamentals separated by several general formula CF,,CI(OF),(OCI1,. Here w,x, v,:
cm-'. Initially we had not tried to interpret the shoulder may have values 0, 1 or 2 in various combinations
at 431 cm-'. However, we now adopt the suggestion of subject to the restrictions that (w + x I 2 and (y - : I =
our normal coordinate analysis and assign 431 cm- ' as 2. For compounds with C-Cl bonds kx $ 0) and for
the CF3 rocking mode in the A" symmetry block, compounds with 0-F bonds (v s 0 , Raman bands
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VIBRATIONAL SPECTRA AND NORMtAL COORDINATE kAIM YSIS OF CFOF AND CF,OCI

Table 1. IR and Raman data" below 1400 em-' and assignment of fundamentals for CFOF and CF1OCI

CFOF CF,OCI

in, Raman ARaman .,ner
gas gas' hiQud A, ,nair..' gas va'j A, .,,.,r.

1294 vs 1300 1310 1 ? 1288 5 1271 vs 1275 3 060 1269 17 .. (CF3 )A'
i w, br

1261 vs 1250 1250 7 1230 vs 1221 8 ..5CF3 )A"
1222 vs 1219 w 1205 3 0.45 1211 14 1213 vs 1190 2 0.68 1200 3 ,.(CF3)A
9470 s 945 m 946 16 0.49 945 54 9190 m 917 26 0.46 920 28 ,(COlA
8820 m 881 vs 882 100 0.03 883 100 780 w 781 100 0 12 783 100 -IOX)A

S64 vw 868 8 0.04 871 7 2A(COF)A
776 24 "(0

37C,1)A
6780 s 675 w 679 12 0.35 678 24 6650 m 666 15 0,38 663 30 6.ICF,)A
607 m 606 wsh 609 3 0.85 606 9 609 m 611 3 0.76 609 15 S..(CF 3IA
585 m 581 w 587 5 0.43 582 9 557 w 561 14 0.26 558 28 S..cCF,)A

548 12 547 9 CF.3OCI Cl,
539 10f

431 sh vw 430 1 7 p(CF 3)A'
429 0 vw 429 m 436 10 0.32 433 34 393 Q m 397 41 0.27 398 62 S(COX)A'
278 vw 272 w 259 3 0.52 256 16 233 vw 220 4 0.47 239 5 p(CF 3)A
252 vw 246 w 285 sh? ? ? 220 sh? -235sh? 7 2r(CF 3)A'

127 w. br 144 5 0.86 122 6 0.81 r(CF 3)A'

a All observed frequencies are in cm-. Abbreviations used are: w, weak; m. medium; s. strong; vw, very weak; vs, very strong; sh.
shoulder; br. broad.
b Raman data are listed as frequency in cm -' first and relative intensity second. For alt spectra but those of gases, relative intensity is on a
scale where the most intense band is 100. For the spectra of liquids the third entry is dlepolarization ratio measured by method IV of
Claasen et .1.23 These numbers are really R rather than p. in the notation of Table 1 of Claassen era. since f has not been measured on
the JASCO R-300. Known depolarized bands gave R values in the range 0.75 to 0.89 on the .JASCO R-300 between 200 cm 'and
3000 cm-' Raman shift from the 514.5 nm argon ion laser line.
'The notation 0designates theQ0 branch frequency for bands having POR structure as follows: CF2OF 938, 947. 956; 874, 882, 890; 670.
678, 688; -420, 429, 439. CF3OCI 915. 919, 923; 659, 665, 671; 386, 393, 399.
d Data is from Smardzewski and Fox. 8.2
"The word descriptions for these symbols shown in Table 3 are used to name the normal modes. These normal mode names may be
classified as reasonable or misleading by inspection of the potential energy distribution in Table 5 using the following criterion: the
appropriate symmetry coordinate makes by far the largest contribution to the potential energy distribution. By that criterion, all four
modes in the A" block but less than half the modes in the A' block have reasonable names.4" Based on the potential energy
distributions in Table 5, the following tabulation provides complicated but reasonable symbols for the A modes in question next to the
numbers and symbols from Table 3.

Table 3 CFOF CF30CI
1 s'.tCF3)A'
2 v.(CF3)A' i,(CO)A'-r 8.(CF 3)A'- 1',(CFIA' r(CO)A' 6,(CF3 )A' i.C)A
3 V(CO)A' v,(CF 3)A' zu.(CF 3)A'
4 P(OX)A' 'OCI)A -45(COCIIA' -p(CF3)A'
5 8,(CF3)A' 8,(CF3)A S(COF)A' 0'OF)A'- iCO)A 5.ICF3)A' -,-(CO)A - IOCI)A' - 6(COCIIA
I! 6aa4CF3)A'
7 S(COX)A' p(CF3)A' '+Jaa(CF3 )A' 8(COF)A p(CF3)A'- ,(OCI)A -6*,(CF 3)A
8 p(CF3)A' pICF3)A'-~8(COF)A' 6ICOCIIA' * oCF3)A'
9 i'..(CFa)A"

10 8m(CF 3)A
11 p(CF 3)A"
12 r(CF3JA"

should be present that are well separated from any of the be responsible for the 548 cm-' band. However, it is
CF30CI bands in Fig. 2. One that might be less easily difficult to believe that the remaining modes of the CIF:
detected is CF.,(OCI) 2. It is possible to estimate the fragment would not produce additional bands in Fig. 2.
frequencies for CF.:(OCl) 2 from those of CF30CI by We attribute the 548 cm"' band to the stretching of
using differences between CF30F and CF2(QF)12  the Cl-Cl bond of a complex of CF3OCi with molecular
frequencies. These estimates suggest that CF2(OCI) 2  chlorine. Chlorine dissolved in CF3OCI would be
might haye a strong band at 548 cm"-' but not no traces expected to give three bands for "Cl 2, "C137C1l and 31C12
of other bands in addition to those in Fig. 2. near 545 cm"'. Liquid chlorine in our low temperature

An additional possibility is further reaction of cell with liquid nitrogen in the bath gave bands at 547.
CF3OCI to form CF3OCIF2. The CF30 fragments of 540 and 533cm"' in the intensity ratio 6.5:4.5: 1
both CF30CI and CF3OCIF 2 might have indistinguish- I theoretical 9: 6: 11. Condensation of chlorine into a
able spectra and differentiation would depend on vibra- CF30CI sample of purity similar to Fig. 2 gave bands at
tions of the CIF.. fragment. Since CIF3 has a CIF 552 and 544 cm"'I and a possible shoulder at 537 cm -V
stretching mode at 529 cm" (gas phase with liquid at The 548 cm-' band in CF30CI does not appear to be
lower frequency), the CIF. fragment of CF3OClF 2 could due to chlorine in the same environment as pure liquid
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band being from 1.5 times as intense to slightly less
Table 2. The possible arrangements of chlorine isolopes intense than the lower frequency band. Formation of a

Ma" arra.i me.nt 9.it.w. CF 3OCI ... Cl-Cl complex could account for a band at
Na CFoc Cl-cl Oand.nce 548cm - ' in the Raman spectrum of liquid CFOCI
1 35 35 35 27 appearing to consist of two overlapping bands of about
2 35 35 37 9 equal intensity at 551 and 545 cm . The observation by
3 35 37 35 9 Smardzewski and Fox8 of bands at 547 and 539 cm ' of
4 35 37 37 3 relative intensities 9 and 10. respectively, in the Raman
5 37 35 35 9 spectrum of CF 3OCI in an Ar matrix is also consistent.
6 37 35 37 3 Although the CF3OCI in Ar sample is intended to
7 37 37 35 3 contain isolated molecules, experience in other systems8 37 37 37 1 suggests that the Ar: CF30OCI ratio of 100 is too low to

insure isolated molecules since ratios > 104 may be
necessary in some cases to ensure really isolated mole-

chlorine or excess chlorine in CF3OCI. However, it cules. The conditions of a liquid near 7"7 K and an Ar
would be possible for CF 3OCI to form a complex with matrix at 8 K should favor complex formation" and the
chlorine of sufficient strength that is not possible to improved resolution in the Ar matrix is reasonable.
remove all the chlorine from CF3OCl by our purification Thus, a CF3OCIC..-Cl-Cl complex provides a simple
procedure. Then the 548 cm- ' band could be due to the explanation and is proposed as the most likely origin of
stretching of the Cl-Cl bond in a CF 30CI ... Cl-Cl the 548 cm-' band.
complex.

A complex via the chlorine atom of CF3OCI, analo-
gous to X- halide complex ions such as I, would have
eight possible isotopic chlorine modifications. The eight NORMAL COORDINATE ANALYSIS
possible arrangements of chlorine isotopes and their
relative abundances are as shown in Table 2. The Wilson FG-matrix method ' 8 was used with the

The effect of the mass of the chlorine atom in CF3OCI computer programs written by Schachtschneider. ' The
on the frequency for stretching the Cl-Cl bond from C12  G matrices were calculated from the electron diffraction
in the complex depends on the strength of the complex. structure for CF3OF"3 " and reasonable assumptions for
The limit for a weak complex could be three bands due the structure of CF3OCI." Symmetrization was accom-
to three degenerate sets as follows: 1 and 5 of relative plished using the symmetry coordinates listed in Table 3
intensity 36; 2, 3, 6 and 7 of relative intensity 24; and 4 generated from the internal coordinates in Fig. 3.
and 8 of relative intensity 4. As complex strength
increases these degeneracies would be broken as the
mass of the chlorine atom in CF3OCI begins to influence
the frequency. A reasonable strong complex extreme Table 3. Symmetry coordinates for CFOX molecules of C,
would be where the vibration is still best treated as a symmetry
perturbed diatomic molecules stretching rather than a
three body problem with antisymmetric and symmetric A svm,..,v

skeletal stretching and skeletal bending. However, the Antisymmetric CF3 stretch,
degeneracies are broken and the eight frequencies might ..(CF3)A' S, -6 '(21r, - Ars - A 6

tend to group into the following four bands: I of relative Symmetric CF3 stretch,
intensity 27; 2, 3 and 5of relative intensity 27; 4, 6 and 7 ,.(CF,)A' S2 = , 3 'flA, -Ars -A.re)

CO stretch L(CO)A, S3 A1of relative intensity 9; and 8 of relative intensity 1. OX stretch ,(OX)A, S = Ad
For the weak complex extreme, the third band prob- Symmetric CF3 deformation.

ably would not be observed as it is too weak, so a higher S,(CF 3)A Ss = 6 '(Aa. - Aas -. a
frequency band 1.5 times as intense as a lower frequency - 134 -Ads- A1,6)
band is to be expected. For the strong complex extreme Antisymmetric CF3 deformation.
the fourth band would definitely be too weak to observe 8.,(CF)A' Se - 6 '(2Aa -- 'as -Aas)
and the extent of overlap of the other three bands is COX bend. (COX)A' S7 - Ay
uncertain. A likely result would be that the third band of CF3 rock, p(CF3)A' So = -6 '(2-.10& - As - A.3J)
intensity 9 would overlap the second band of intensity Redundant Soo=s6 '(Aa'-Aas-Ae
27 to give a single asymmetric band or a band with a low - .d, , - -oG

frequency shoulder. This superposition would result in a A ,v
lower frequency band with relative intensity 27 (or more
from overlap of the third band) and a higher frequency Antisymmetric CF3 stretch.
band of relative intensity 27 (from complex 1). Then two ...(CF3)A" S , 2 ' (Ars -- Are)
resolvable bands seem reasonable for the range of Antisymmetric CF2 deformation.
complex strengths suggested. The higher frequency S..(CF3)A' S, s 2 -(Aa$ - Aas)
band would be expected to be from 1.5 times as intense CF3 rock. p(CFl)A" S,, - , 2 '(A - Ado)
to slightly less intense than the lower frequency band CF3 torsion, -(CF 3)A" S,2 - A?

depending on the strength of the complex. "These coordinates are correct for tetrahedral C1, angles
Thus, superposition of spectra of these eight However. they may be used for the non-tetrahedral angle case

complexes for plausible strengths of the complex could since the redundancy is removed during the diaqonalization of
provide two resolvable bands with the higher frequency the G matrix.
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Tallle 4. Interinul toordiav fore commeagb ow CF.O as

- - 960 6950
4.5200 5 2M)

d3850o 21300
A 1, . )00 2J5A0

-~ .;'00 15J0

0 9'67 1 3161
o 0900 0900

114W. 3 internal coordinates for CF ,OX molicues, C. symmetry I' *G5 0 300
is assumed *lth F C, C0 anda X stoms ri trie same jiane 2 ,C

ra-d, dI 1912 G9'('

'Itla 1  ,' 3 7 700)
The simple molecules F-O.' I, (' F- 11'4 and lop ~ 3 :00I
C,"Were uscd it) establish a reasonable range At torce U100'o 200

constant %,alucii for CF,OF and F+ 00i Forrce ,,iistjnt ) 600 )600
%alues within this range that werc consistent with tund I 00'0
strengths of CF,OF and C'FOt I implied h% thcir diem- 0 25 o
ical reactions ire shown inl Table 4 where forcc .onstant% 0 300 1151C
based on internal coordinates are listed The internal JV J W X
coordinate F matr~x follows from the Iliat of force *,1*,. u

constants in Table 4. '^ The potential entig% dis-01DoI)
tributions using svmmctr force constants basedJ onf th St ocr -sCtalZ5 *,nfl avii .)V -,.dn~

iismmetrv coot-rdinates tn Table 3 and the internal cottr- Stretchiben2 ner*,-jun coflstanii. n' ,.ts -' .,,
radian Benung anti 4O5O7cr5a,5 .,s'7 .'r* ,

dinate force constant %alues in Table 4 are in Table $Ito," 0er square '04dar
along with a comparison ot calculated And )hstr-.td See Fr9 3 tojtor 31f tr,@ mre-,a 1r-:.,
frequencies Fur torsion$ K1,11 no '40 287 9 - , ',.I

Improvement of the frcquencir fit for CF,OCI to that M"olecule For the CF, Ii'5'O" I tt 'he uMA" t )q- )J '
fo M Freure hter& stechn costnt raalreaodyien ntlo aelount ' 3so -i I" us? ne ,sso c!-

for ~ ~ ~ ~ ~ ~ ~ ~ on h eursaslie teu.lg*os~n. 'gilano seof in* equationta g,. '8 7 - F - j j4
diO00). near the I, alue for di OF) in CFOF or alteration not taking '7 3 .nto account trie prope' - ,e ovut it,* #, 'a. i

of some off diagonal force constants The force constant ali),,'for i 3lj.rrraman tl'.s',iiv eeA8,
%alues in Table 4 are consistent with the chemical Me, Is AppveI.~ 9 'rtiri so

behavior of (FjOF and CFiOCI and the force constant
values in the following molecules related to CF OF and
CF1 OCI. respectively: HOF,.I F.O I, and ClIOOF.'4 bond Into theW F ond Fillr t4,1h.,ic.ilw~it
and HOdl.' (: CIO 1,OCI'4 and CIOiOCIO,." seems rcasonable that thc ( F. iroruj) ,I elc~irornc -
The available data favors values of .iiOX in these tstv3 3 to 344' Aoru; he 'letui tic t0 'r Alltisii
CFOX compounds close ito those of the corresponding the F Ato for clc,:tr.'n dcnsi ouer the 1 1)1U !1in,
X2 0O compounds. than the If Atom tio uld ti th tht F- .iini 'ict ih, 11

CF .OF is thermally stable in An IR cell At room frame Thus. An uipper limit tor 'i ji iti I_(if rmitint
tempcrature And the gas phase Ramain spectrum can t he be epected ito he smaller thin in 110i Anti near to I- I
obtained at room temperature using Ar laser radia- The &1F, %ilue of 3 5f-, in 00.0i ishcic th: 1 14).
tion. CF,OCI is stable at room temperature only group hi' An .leci mI _t';i'. 4'
under scrupulously dr-.. inert conditions Photolivtic represents .i reasonable 'ower limit I he ilie 11
decomposition of CFIOCI is q4uite rapid and the 3 95 in Table 4 is near the middle of the ! intit tiom
decomposition products are consistent with a two step ito about 4 liii and close to the Italue for F (
reaction path insolving the two radicals CF, and CI In Values of ,i0(Ii in mdvn k .ireI hi.
our work CFjOCI began ito decompose during the 2.fi5 and 3 ot) for Hoc I.'* (-I (,.1 1() 1 )CI1 .ii

recording of its IR spectrum at ambient temperature 47IOC00," respectiuelv Ihe :~incii
Sanardzewski and Fox" report that CF OCI photolvzed argument 4t Noile ind Pimeritel 3n he 4111111CO
almost immediately during theirattempt to record its lias HOCd. CIl.) and ('F,0CI- Then, J1 lit I n t 1- 01'
phase Raman spectrum at roomi temperature using AK* should be lower than in HOCI tut now -tc F ru,
laser radiation. Since this behavior ituitesrs that the OF more electronegatite thin the i .1? Atom
bond in CFOF is stronger than the 0(1 bond in compared to 1 01i. rather than being Ies% ele.-tr..nciati% c
CFOCI, similar values of diOFi and aigOC~i Are consi- than the F atom in CFF The ai 03(1. .alue il _' ,
dered unlikely. CI0 10CI. where the t(1t, group ha% i, eiectrir

Values of diOFi in mdvn A' are 4 2'. 3.95 and 3 '#It negativ it of 25 ito 4. represents a eAstlnAhlc owe'
for HOF.'" F.0"t and CIOOF.'* respectively Noble iimit The .iiOCl %alues of 1N *4n C(l0(0( 4) As
and Pimentel " have suggested that diOF is larger in normal CI0 single hoind gives a reasionihic upper lin
HOF than in F20 because the electronegativi oif the F The iialued 4(1 = _' A0in rAhle 4 is near the middle 't
atom weakens the OH bond and strengthens the OF the range from _' N4 to 3 0i9 And Jose to Ihc vilue t-t
bond by attraction Of electron density out of the OH cII.
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Tale S. Potential energy d~tlul.for CF3OXI X a F. 1171 and coumparison of calculated and observed frequecies'

xacc F C2 F C; F 6 F PI ! F c C. F C.

I F76 89 17 5 5 6
2r-2 30 41 60 65 6 5

3 1 12 5 54 67 8 16 18 11 15 S 6
4 d 76 51 12 9 a 8 30

5 38 48 5 36 48 '2 5 10 6
616 i8 t31 73 24 12
711 9 8 5 22 17 a 21 9 38 50
a a10 10 7 14 29 38 58 44

A %v" Irv

F i C. l C, F

*calc 1cm 1256 1262 616 613 429 422 128 108
.obeilcm 1261 1230 607 609 431 430 127 108

9 p - rf105 104 8 8
10, a aa 20 20 55 57 31 30
11 .j *i j 12 11 15 13 76 77 5
12 , 96 96

*The numnbers in the table give the contributions to the potentsil energy of the various diagonal elements of the symmetrizit F matrix
11001.F../A) Numibering of the stmmetrizaedforce constants. F. and the normal mode frequencies. are identical to the numbering of
theavsrrmetirtcoordinattes inTaboo 3 The expression for each sylmmetrized force constant. F., in terms of the force constants. n Table 4,s
includied ithe tabie Contributions of less than 5% are not included in the table The sum of the entries in each column wil be 100 wrien
positive contributiorns from diagonal elements of less than 5% and born positive and negative conributions from off diagonal elements
are included
' The frequencies for CFjOF arei from gas phase )A spectra, Table I i except for the CF 1 torsion which s f rom the gas phase Raman spectra
of Smairdiewski and Foxe 14 The frequencies for CFOC: are ifrom gas phase IAt spectra iTable 1) with two ex, options 430cm from the
Reman spectrum of the liquid and lO$ cm 'estimated as the Raman frequency of the liquid less 1211: which is the percentage decrease
from the liquid frequency to the gee frequency for the CF3 torsion in C93OF

The potential energ distributions tn Table ; shoki, normal mode smbols. in Table 1. %kith the ri 'ult that the
that extensive mixing of the sjlmmetr% oordinatesi in simple stmlioi%, CO t . A,- CF .A4 S ('()X.-% and
Table 3 occurs in some -)f the normal modes"' as might PlCF,lA will no longer occur in the A hloick. and the
be expected for molecules %%ith atomns kif similar mAsse% mode conslentionallt, labeled as i Co-A become-,
Potenttal energ) distributions based on internal coor- ji CFiA
dinates and the corresponding force constants in Table 4 The acceptance ot the %iew -tated pres itusls that
are available elsewhere." U~sing either potential enetg values of d*OV inl CFOX compounds arey cloe toi
distribution. five modes, all in the .4 block under C, diOXi in the corresponding X.20 compound% supports
symmetrN. differ somewhat between CFOF and the acceptance of the force constant %alues in Table .4
CFOCI. they are ;,iCF3 iA . iQXiA .A.'CF 1IA , and the potential energp distribution in Taible a
A, COX ,A. pi CF, iA. The normal mode symbols used in reasoinable Although a normal c.oordinate anals sis
Table 1, based ion the svmbols of the ssmmetr% cor- should not normallk be said ito confirm an assignment
dinates in Table 3. may he classified as reasonable or absolutel%. the results are useful for sug~gesting Alter-
misleading depending upon whether or not the following natils s and reaoinalei :onc~lusions from ci'nt radi ori,
criterion is Met. the appropriate symmetrv moordinate data. Here the result that a CF. rocking frequencv of A
makes the dominant contributioni" to the potential s~mmctrN should he ahose 400cri cm led it, the reci-
energy distribution. By that criterion, all four modes in n ition that one of two hands between 20111 and 3() II m'
the.4" block but less than half the modes in the A4 blocvk could he 2 riCF; 1. and prompted our detailed ins esti-

have reasonable symbols in Table I ilThe normal Satlon ol1 the CF1 torsion The i.-sersal oft the Co)
modes whose symbols in Table I are misleading are in stretching and OF stretching assignm. of tW kilt and
two categories. those where the -symmetrv coordinate Jones for CFOF b Smard7ewski and Fox' is supported,
for which the mode is named makes the largest hut not Aithough the name CO -tretching is misleading 44 44.

the dominant contribution4' and thine where another For CF, compounds of C, %Nmmetrs. the assignment oif
kiyimmerv coordinate makes the largest contribution line if the bands in the I 1 50- 1 350i cm 'region ito the
Inspection of Table 5 suggests seseral changes'" for the antisilmmetric ( F% stretch of V svmmetrs is often

us oumP OF 0AMAA1 IMSfV 4~c~sov L 3 40A- Hesde'i s, S- n Itd,
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ambiguous. Our results here for CF3 OX compounds and are suggested to be near in value to d ,OX) for X20
elsewhere for the CF3 00X series" suggest that the molecules.
intermediate frequency of the three bands between 5. Ivore than halt the normal modes of .A' symmetry
1130 and 1350 cm-' belongs in the A" block. show extensive mixing of symmetry coordirates.

6. For some normal modes of A4' symmetry, the sym-
metry coordinate for which the normal mode is
named is the largest but not the dominant contribu-

SUMMARY t to the potential energy distribution .
7. For other normal modes of A svmmetry, the sym-

1. The reassignment of viOFIA' in CFIOF by metry coordinate for which the mode is named is
Smardzewski and Fox is consistent with our normal not even the largest contributor to the potential
coordinate analysis. .energy dsrbto.4

2. For both CF)OF and CF1 O0l.pjiCF1 ,).4 is assigned 8. No normal modes of A' svmmetry are present in
near43ocm 'and the two bands between 200 cm which vlCOIA', A,iCF'iA. SCQO A', or
and 300cm"' are assigned to a fundamental piCF0A' symmetry coordinates are dominant.
involving both p(COXA' and SiCOXIA' and to a 9. The normal mode cons entionall% labeled as

.1- 2 transition in -.ICF,)A'. o'CO)A' should he labeled as vX~FolA'.
3. An extra band at 548 cm 'in the Raman spectrum 10 For the remaining .4' normal modes and all the A"

of liquid CFOCI is assigned to a CFOCl ..Clz normal modes, the symmetr-, coordinate for which
complex. the normal mode is named is dominant in the

4. The force constants &IOX) for CFOX molecules potential energy distribution.
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